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The Bakken Formation in the Williston Basin is an economically viable hydrocarbon play that is 
getting vast attention throughout the world.  It is an especially interesting formation because it contains 
both world-class hydrocarbon source rocks and billions of barrels of producible oil.  New technologies are 
continuously being applied to better understand the Bakken Formation and to determine why it has 
become such a commercial reservoir.  This study examines elemental data collected by a handheld X-ray 
fluorescence (XRF) device and integrates these elemental data with core descriptions, petrography and 
helically computed tomography (CT scans) of both the source and reservoir facies to provide new insights 
into the depositional environments, depositional history and sequence stratigraphy of the Bakken 
Formation. 
A handheld Thermo Fisher Scientific Niton X-Ray Fluorescence Analyzer (Niton XL3t 
GOLDD+) was employed to sample slabbed cores and drill cuttings.  This is a cost-effective and efficient 
way to obtain semi-quantitative elemental analysis.  Abundances of up to 40 elements can be 
simultaneously collected for elements ranging in atomic number from magnesium (12) through uranium 
(92). 
A sequence stratigraphic framework was developed for the Upper, Middle and Lower Bakken 
Members based on their elemental trends.  The Lower Bakken Member, which is dominated by organic-
rich black mudstones, has been subdivided into the lower Bakken “silt” and four units within the lower 
Bakken shale.  The Upper Member, another interval dominated by organic-rich black mudstones, is 
subdivided into two units.  The Upper and Lower Members show significant enrichment of molybdenum, 
uranium and vanadium trace metals.  Based on elemental enrichments, high preserved TOCs, lack of 
benthic fauna, burrowing and bottom current evidence, it is concluded that the Bakken black shales were 
deposited under mostly euxinic conditions with a few, short periods of dysoxia (represented by rare, very 
thin intervals of bioturbation and ripples). 
The six facies of the Middle Bakken Member, labeled A through F in ascending sequence, each 
have distinct elemental signatures.  These elemental trends help to better define the boundaries between 
the facies in core, where some of the contacts are gradational.  Elemental trends aid in the correlation of 
these facies across the study area.  Cores straddling the “line of death”, which is the commercial limit of 
middle Bakken production on the eastern, up-dip edge of the basin, were analyzed in search of a 
mineralogic change across the boundary between commercial and non-commercial production.  
Significant elemental differences were not observed in cores across this line.  An exception to this is that 
Facies E and F have higher magnesium values west of the line, which may imply more dolomitization.  





revealing any clearly defined mineralogic trends.  However, the geometries of the grains before (equant), 
at the onset of (splintery), and after (equant) the gas shows within this lateral imply that a fault may be 
present.  This interpretation is supported by an aeromagnetic anomaly that is roughly coincident with the 
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CHAPTER 1 : INTRODUCTION 
 
The Bakken Formation in the Williston Basin is an economically viable hydrocarbon play that is 
getting vast attention throughout the world.  Based on conodont biostratigraphy (Karma, 1991), it was 
deposited from about 375 to 350 million years ago during the Fammenian (latest Devonian) and 
Kinderhookian (earliest Mississippian).  The Bakken is an especially interesting formation because it 
contains both world-class hydrocarbon source rocks and billions of barrels of producible oil.  In fact, it is 
the single largest domestic oil discovery since Prudhoe Bay, Alaska, in 1968.   The United States 
Geological Survey (USGS, 2013) recently updated the oil and gas resource assessment for the Bakken 
Formation and released a new assessment for the Three Forks Formation in the United States portion of 
the Williston Basin.  This assessment estimated the Bakken Formation to have a mean oil resource of 3.65 
BBO and the Three Forks Formation to have an estimated mean resource of 3.73 BBO.  This totals 7.38 
BBO with a minimum of 4.42 BBO and a maximum of 11.43 BBO assessed.   
New technologies are continuously being applied to better understand the Bakken Formation and 
to determine why it has become such a commercial reservoir.  X-ray fluorescence (XRF) technology can 
be applied to measure elemental constituents within the rocks.  Integrating XRF analyses with core 
descriptions, petrography and helical computed tomography (CT scans) can greatly improve our 
understanding of the Bakken Formation.   
 
1.1  Location of Study Area 
The Williston Basin covers eastern Montana, western North Dakota, the north-west corner of 
South Dakota, and southern Saskatchewan and Manitoba (Figure 1-1).  The study area for this research is 
restricted to the eastern, up-dip side of the basin in west-central North Dakota (Figure 1-2) and spans an 
area of 36 townships.  In this thesis, two transects, one oriented north-south and the other oriented east-
west, that together integrate data from nine cored wells, provide the critical data sets used to interpret 
Bakken depositional and diagenetic trends across the study area (Figure 1-3). 
   
1.2  Stratigraphy 
In terms of its thickness, the Bakken Formation is insignificant when compared to the total 
sedimentary section in the Williston Basin, which has a total thickness of more than 15,000 feet near the 
basin center, but it is undoubtedly one of the most prolific units in terms of its oil production.  The 
Bakken Formation unconformably overlies the Upper Devonian Three Forks Formation and is 





(Figure 1-4).  Within the study area, the Bakken Formation can be subdivided into Upper, Middle and 
Lower Bakken Members, along with the recently defined Pronghorn Member (LeFever et al., 2011; 
Figure 1-4).  LeFever et al., 2011 included the lower Bakken “silt” interval as part of the Pronghorn 
Member (Figure 1-5).  Johnson (2013) also included the lower Bakken “silt” (lithofacies 4) within the 
Pronghorn, placing an unconformity between it and the rest of the lithofacies within the Pronghorn 
(Figure 1-6).  This study defines the lower Bakken “silt” as part of the Lower Bakken Member due to 
conformance, as well as remarkable visual similarities between the two (Figures 1-4 and 1-7).  WPX’s 
George Evans 11V is a good type log because it contains all four members, as well as the lower Bakken 
“silt” interval (Figure 1-8).  The focus of this study will be on the Upper, Middle and Lower Members of 
the Bakken Formation. 
 
 
Figure 1-1: Location of the Williston Basin.  The approximate extent of Bakken deposition is shown by 
the dashed orange line.  Green areas represent fields with major Bakken development.  B-SD stands for 






Figure 1-2: Map of eastern Montana and western North Dakota showing color-filled structural contours on the top of the Middle Member of the 





1.3  Research Objectives 
The main objectives of this research were to: 
 Utilize handheld XRF data to identify and interpret elemental trends within the Upper, 
Middle and Lower Members of the Bakken Formation.  The following are detailed steps that 
were performed to better understand the trends in the elemental analysis: 
1. Collected handheld XRF data over the Upper, Middle and Lower Members of the Bakken 
Formation on nine cores in the study area: EOG’s N&D 1-05H, Fertile 1-12H and Liberty 
2-11H; Hess’s St-Andes-151-89-2413H-1; Marathon’s Dobrinski #18-44; QEP’s MHA 
1-18H-150-90 and MHA 2-05-04H-148-91; Whiting’s Braaflat 11-11H; and WPX’s 
George Evans 11V. 
2. Described in detail three cores in the study area: QEP’s MHA 1-18H-150-90 and MHA 
2-05-04H-148-91, and WPX’s George Evans 11V.  Core descriptions from previous 
authors were modified based off of elemental XRF data (facies thicknesses): Marathon’s 
Dobrinski #18-44; EOG’s Fertile 1-12H and N&D 1-05H (Simenson, 2010); Whiting’s 
Braaflat 11-11H and EOG’s Liberty 2-11H (Gent, 2011); Hess’s St-Andes-151-89-
2413H-1 (Billingsley, 2011).  Core descriptions focused primarily on the Middle 
Member. 
3. Correlated XRF trends in the Upper, Middle and Lower Members in west-east and north-
south transects and compared these with the core descriptions. 
4. Performed petrographic analysis of the Upper, Middle and Lower Members to determine 
their vertical and lateral variability. 
5. Used CT scans to identify additional features within the Upper and Lower Members that 
cannot be seen macroscopically in core. 
 Identify what is causing the sharp line between productive vs. non-productive wells on the 
eastern, up-dip limit of the study area (the “line of death”). 
1. Identified a horizontal well that crosses the “line of death” based off of gas shows (Fertile 
1-12H). 
2. Collected handheld XRF data on the Fertile 1-12H lateral cuttings. 
3. Geosteered the Fertile 1-12H horizontal wellbore using logging while drilling gamma-ray 
data and Stoner Engineering Software (SES). 
4. Confirmed placement of the horizontal wellbore by integrating geosteering interpretation 
and elemental data from the horizontal cuttings. 







Figure 1-3: Study area showing the north-south and east-west transects that are evaluated in this thesis.  
Color-filled structural contours are on the top of the Middle Member of the Bakken Formation. 
 
1.4  Previous Work 
Published geochemical data on Williston Basin source rocks and oils suggest that exceptional 
volumes of oil were generated by the upper and lower organic-rich shales, and should be confined to the 
middle Bakken reservoir rocks and the upper Three Forks Formation in the Bakken Petroleum System.  
The Bakken Petroleum System is considered to be a continuous hydrocarbon accumulation that is not 
significantly affected by hydrodynamic or hydrostatic influences.  Common characteristics of continuous 





and a dependence upon fracture permeability to enhance reservoir quality (Schmoker, 1996).  Oil 
saturations should occur throughout the Bakken in the thermally mature deep basin in conjunction with 
overpressuring (Figure 1-9; Meissner, 1978). 
 
 
Figure 1-4: Generalized stratigraphic column of the Williston Basin. This study focuses on the Bakken 
Formation (highlighted pink), concentrating on the Upper, Middle and Lower Members.  Dashed lines 
represent unconformities.  Stratigraphic column on left from: 







Figure 1-5: Gamma-ray log and core photos from Brigham’s Olson 10-15 1-H core showing the lower 
Bakken "silt" interval within the Pronghorn Member.  From LeFever et al., 2011. 
 
 






Figure 1-7: Core photo from WPX's George Evans 11V (T150N-R92W-11) showing remarkable visual 
similarity on either side of the contact between the lower Bakken shale and the lower Bakken "silt".  
These two intervals are conformable. 
 
 
Figure 1-8: WPX's George Evans 11V (T150N-R92W-11) well logs showing terminology used in this 
research.  This is one of the few wells in the study area that contains all four members and the lower 






Figure 1-9: Areal distribution of pore-fluid gradients in the Bakken Formation highlighting areas of 
"normal" and "abnormally-high" pressure. From Meissner, 1978. 
 
Contrary to this original hypothesis, consistent basin-wide high oil saturations and pressures in 
the middle Bakken are not observed (Figures 1-10 and 1-11).  Sweet spots within the middle Bakken are 
characterized by more overpressuring, lower water saturations, lower percentages of produced water and 
exceptionally high recoveries of oil, but these areas have limited geographic extent.  These sweet spots, 
including Parshall Field, are believed to be controlled by localized traps that prevent up-dip, out-of-basin 
migration of oil in the middle Bakken.  Geologic factors that may contribute to regional differences of the 
continuous accumulation are increased fracturing along structures, increased fracture density toward the 
southwest subcrop associated with thinning of the Bakken Formation or improved reservoir quality 
toward the southwest that is associated with higher thermal maturity in that direction (Schmoker, 1996).  
Reservoir quality can improve in more thermally mature areas due to increased porosity and permeability 
because of greater decomposition of solid kerogen, enhanced development of microfractures and 
expulsion fractures and increased flow rates and recovery efficiencies associated with a more complete 
conversion of bitumen to oil (Lewan, 1994).    
At the up-dip edge of commercial Bakken production on the eastern margin of the Bakken 
accumulation, the trap is inferred to be a pore-throat trap associated with eastward deterioration of 
reservoir properties (Figure 1-12; Bartberger et al., 2012).  Low middle Bakken oil recovery on the 
eastern flank is accompanied by increasingly higher water saturations and percent produced water until 
sufficiently far up-dip, the middle Bakken produces only water with no oil (Figure 1-13).     
Bergin et al. (2012) discovered patterns governing the commercial limit of Bakken production on 





from vertical and horizontal wells and integrating oil- and water-production data.  Their analysis has 
identified a transition zone of non-commercial oil production on this up-dip edge of the Bakken oil 
accumulation.  Gas shows deteriorate up-dip through the transition zone and water saturations increase 
with an associated decrease in porosity. 
 
1.5  Methods 
The primary data collection tool for this research was a handheld X-Ray fluorescence analyzer.  
Elemental data collected by the handheld X-ray fluorescence (XRF) device was integrated with core 
descriptions, petrography and helically computed tomography (CT scans).     
 
1.5.1  X-Ray Fluorescence 
A handheld Thermo Fisher Scientific Niton X-Ray Fluorescence Analyzer (Niton XL3t 
GOLDD+) was used to sample whole cores and drill cuttings examined for this study (Figure 1-14).  This 
technique is a cost-effective, rapid way to obtain semi-quantitative elemental analysis.  Abundances of up 
to 40 elements can be simultaneously collected for elements ranging in atomic weight from magnesium 
(element 12) through uranium (element 92). 
An atom consists of a nucleus made from positively charged protons, electrically neutral neutrons 
and a surrounding electron cloud containing as many electrons as the nucleus contains protons.  Electrons 
surrounding the nucleus are located in shells (K, L, M, etc.) with K being the innermost shell, located 
closest to the nucleus.  As x-rays enter an atom, they interact with the electrons surrounding the nucleus 
and can cause the ejection of an inner electron.  When an inner shell electron is ejected, the vacancy is 
filled by an electron from an outer shell.  Electrons moving from one shell into the next release energy in 
the form of a characteristic x-ray (Thermo Fisher Scientific, 2010).   A unique set of characteristic x-rays 
is produced and provides a “fingerprint” for each specific element.  When a sample is illuminated by x-
rays, the analyzer measures the spectrum of the characteristic x-rays emitted by different elements (Figure 







Figure 1-10: Basin-wide average of middle Bakken water saturation.  Parshall and Elm Coulee sweet 
spots are highlighted. From Bartberger et al., 2012. 
 
 
Figure 1-11: Basin-wide mud weight at total depth (TD) values (lbs/gal) for middle Bakken laterals.  







Figure 1-12: Pore-throat trap model showing down-dip oil production associated with higher porosity.  
Pore throat size and oil production decreases up-dip (eastward) until 100% water is produced.  From 
Bartberger et al., 2012. 
 
 
Figure 1-13: Basin-wide produced water map showing barrels of water/barrel of oil produced from the 





There are three modes in which the analyzer can run: Soils, Mining and TestAll Geo (Thermo 
Fisher Scientific, 2010).  For this study, the TestAll Geo mode was employed.  Sensitivity for various 
elements can be optimized by using user defined times for 4 excitation filters.  The “Main Range Filter” 
optimizes sensitivity to elements from manganese (Mn, element 25) through bismuth (Bi, element 83).  
The “Low Range Filter” optimizes sensitivity to elements from potassium (K, element 19) through 
chromium (Cr, element 24).  The “High Range Filter” optimizes sensitivity to elements from silver (Ag, 
element 47) through barium (Ba, element 56).  The “Light Range Filter” is typically used in light element 
analysis and optimizes sensitivity to magnesium (Mg, element 12), aluminum (Al, element 13), silicon 
(Si, element 14), phosphorus (P, element 15), sulfur (S, element 16) and chlorine (Cl, element 17) 
(Thermo Fisher Scientific, 2010) (Figure 1-16).   
 
 
Figure 1-14: Thermo Scientific Niton XRF analyzer (Niton XL3t GOLDD+) (Thermo Fisher Scientific, 
2010). 
 
1.5.2  Sample Preparation 
Before each use of the XRF analyzer, a system check was run to calibrate the detector and verify 
that it was operating to specifications.  No failure errors were ever documented.  A check was made to 
ensure that the XRF analyzer was set to the TestAll Geo mode, and that the excitation filters were set for 
a total of 75 seconds: 15 seconds on main range, 15 seconds on low range, 15 seconds on high range and 
30 seconds on light range. 
XRF is a non-destructive analysis and was performed on 9 slabbed cores in the study area.  





salt from the surface (Figure 1-17) because even light surface contamination can skew the analysis 
(Thermo Fisher Scientific, 2010).  The analyzer was applied directly to the surface of the core and a 
sample was run every six inches throughout the zones of interest in EOG’s Fertile 1-12H, N&D 1-05H 
and Liberty 2-11H, QEP’s MHA 1-18H-150-90 and MHA 2-05-04H-148-91, WPX’s George Evans 11V 
and Whiting’s Braaflat 11-11H.  For Marathon’s Dobrinski 18-44 and Hess’s ST-ANDES-151-89- 
2413H-1, data were collected every foot through the zones of interest. 
 
 
Figure 1-15: Diagram illustrating the processes of XRF analysis (from Thermo Fisher Scientific, 2012). 
 
XRF analysis was also performed on cuttings from EOG’s Fertile 1-12H lateral.  Samples were 
collected approximately every 50 feet while drilling the lateral.  Each 50 foot sample bag was poured into 
a sample cup and placed in a mobile test stand that holds the analyzer in place (Figure 1-18).  The cuttings 
were not crushed, nor were they run through a sieve.  Chatellier et al. (2011) examined results between 
fine vs. coarse fractions and noted good correlation between the two when analyzing iron and rubidium, 





was more responsive to changes, which the coarse fraction showed more drastic jumps and had steeper 
slopes.  This sort of analysis was not conducted for this study because the cuttings near the heel of the 
wellbore are typically coarser than those near the toe of the wellbore (because they have a shorter distance 
to travel).  Grain size does not appear to have skewed the results.  Elemental trends from the cuttings in 




Figure 1-16: Periodic Table of Elements.  From http://en.wikipedia.org/wiki/Periodic_table: accessed 
February 5, 2014. 
 
When analyzing cuttings, it is important to know which additives are used in the drilling fluid, as 
some can skew elemental results.   Lateral cuttings from QEP’s MHA 2-04-03H-149-90 were analyzed 
using handheld XRF for a case study not included in the scope of this research.  A distinct increase in 
aluminum was seen in the toe of the wellbore and was originally interpreted to be a mineralogic change in 
the rock (Figure 1-19).  Select samples were sent to Weatherford Laboratories to identify which mineral 
the aluminum was associated with.  Weatherford labs associated the aluminum with corundum.  Upon 
petrographic inspection, it was realized that corundum beads had been added to the drilling fluid in the 
latter part of the lateral to help the directional tools slide easier (Figure 1-20).  The increase in aluminum 
was mis-interpreted as being a product of a mineralogic change, when it really was just contamination 







Figure 1-17: Salt crust is commonly seen on the surface of cores and should be removed before 
proceeding with XRF analysis.  The sample shown is from QEP’s MHA 1-18H-150-90 core. 
 
1.5.3  Repeatability 
Three different sample times were run on QEP’s MHA 2-05-04H-148-91 core (60 seconds: main 
= 15 s, low =15 s, high = 15 s, light = 15 s; 75 seconds: main = 15 s, low =15 s, high = 15 s, light = 30 s; 
120 seconds; main = 30 s, low =30 s, high = 30 s, light = 30 s).  Comparing the strontium trends of the 3 
sample times (Figure 1-21) shows that while the values do not agree exactly, the overall trends are the 
same.  Some significant variations can be seen in the lighter elements (aluminum, silicon, etc.), especially 
in the middle Bakken (9912.5 – 9939 ft) where these elements are less common than they are in the upper 
(9898 – 9912 ft) and lower (9939.5 – 9968.5 ft) Bakken shales (Figure 1-22).  In general, the longer the 
detection times, the more accurate the results will be.  The 75 and 120 second sample times were the most 
correlative and showed more reliable results than the 60 second sample time (Figure 1-21).  Because these 
two sample times showed similar results, the remaining analyses were all performed at 75 seconds.  
Handheld XRF analysis is semi-quantitative and should be used to evaluate trends rather than exact 






Figure 1-18: Image of a test stand that can be utilized to analyze drill cuttings (Thermo Scientific). 
 
 
Figure 1-19: Cross-plot of depth (feet) vs. aluminum (ppm) for QEP’s MHA 2-04-03H-149-90 middle 







Figure 1-20: Photomicrograph of lateral cuttings from QEP's MHA 2-04-03H-149-90 showing corundum 
beads (black grains) contaminating the sample. 
 
 
Figure 1-21: X-Y plot showing depth (feet) vs. strontium (ppm).  Purple curve is 60 second sample time, 
blue curve is 75 second sample time and pink curve is 120 second sample time.  Exact values are not 






Figure 1-22: X-Y plot showing depth (feet) vs. aluminum (ppm).  Purple curve is 60 second sample time, 
blue curve is 75 second sample time and pink curve is 120 second sample time.  Noticeable discrepancies 
seen in the middle Bakken where Al values are low due to lower clay content than the Bakken shales.  
Data from QEP’s MHA 2-05-04H-148-91 core. 
 
1.5.4  Helical Computed Tomography (CT) Scan 
CT scanners use digital geometry processing to generate a 3-dimensional (3D) image of the inside 
of an object.   Helical CT scans of QEP’s MHA 2-05-04H-148-91 and WPX’s George Evans 11V were 
conducted by Weatherford Laboratories and analyzed in this study.  The 64-slice CT scanner was adopted 
from the medical field, but provides high-resolution images along the entire length of the core. The 
effective voxel resolution of the scanner that was used is 0.35 mm.  The CT scanner data were viewed and 
interpreted in Weatherford’s CorView 3D application.  
 
1.5.5  Thin Section Preparation 
Thin sections used in this study were prepared by Wagner Petrographic for QEP’s MHA 1-18H-
150-90 and MHA 2-05-04H-148-91 cores.  An initial suite of Bakken shale thin sections was prepared at 
the standard thickness of 30 microns.  Because these thin sections proved too dark and a bit difficult to 
work with, a subsequent set of thin sections just 20 microns thick was prepared for these two wells.  Other 
thin sections from the Braaflat 11-11H and the Dobrinski 18-44 were prepared at the Colorado School of 






CHAPTER 2 : THE LOWER BAKKEN MEMBER 
 
The Lower Bakken Member is a major hydrocarbon source rock in the Williston Basin. This 
study subdivides the Lower Bakken Member into two intervals: a silty, organic-rich shale and the lower 
Bakken “silt” (Figure 1-4).  The lower Bakken shale is thickest east of the Nesson Anticline (Figure 2-1).  
The lower Bakken “silt” thick is oriented northwest-southeast and is located southwest of the Nesson 
Anticline (Figure 2-2).  There must have been additional accommodation space along that trend, perhaps 
due to tectonic subsidence or to subsidence associated with underlying salt collapse, for this member to be 
preserved (LeFever et al., 2011).  Because the lower Bakken “silt” was not deposited basin-wide, it is 
relatively thin, when present, in the study area (Figure 2-2).  Where present, the lower Bakken “silt” is 
directly beneath the lower Bakken shale, sitting unconformably on top of the Pronghorn Member of the 
Bakken (Figure 2-3) or the Three Forks Formation (Figure 2-4).  In some cases, the lower Bakken “silt” is 
absent and the lower Bakken shale sits directly on top of the Pronghorn (Figure 2-5).  No wells in the 
study area have lower Bakken shale sitting directly on top of the Three Forks. 
When evaluating the organic-rich black shales of the Bakken Formation, it is important to adjust 
the scale of the gamma-ray log to a wider API range to see the character.  Because the API counts are so 
high in the Bakken black shales (>400 API), the character within them is commonly overlooked when 
evaluating the middle Bakken and Three Forks reservoirs (Figure 2-6).  Remarkable similarities within 
the Bakken black shales can be seen when correlating gamma signature alone (Figure 2-7). 
 
2.1  Lower Bakken Shale Units 
Four units have been identified in the lower Bakken shale based on elemental trends and gamma-
ray signatures (Figure 2-8).  The term “unit” simply refers to a package of rocks.  Table 2-1 summarizes 
elemental trends within each unit, as well as details on which units contain certain fossil fragments, 






Figure 2-1: Structural contours on the top of the Lower Bakken Member.  Color-fill shows lower Bakken shale thickness ranging from 0 (white) – 
60 (red) ft.  The Nesson Anticline and Antelope structures are drawn in black.  This isopach map excludes lower Bakken "silt" thickness.  The red 






Figure 2-2: Structural contours on the top of the Lower Bakken Member.  Color-filled contours show the thickness of the lower Bakken "silt," 
which ranges in thickness from zero (white) to 40 ft (red) represented by color fill.  This interval is relatively thin, if present at all, within the study 






Figure 2-3: Left) Core photo of the contact between the lower Bakken shale and lower Bakken "silt".  
Some bioturbation is observed above the contact, in the lower Bakken shale. Right) Core photo of the 




Figure 2-4: Core photo of the contact between lower Bakken "silt" and upper Three Forks.  The lower 
Bakken “silt” is only 1 ft thick in this core.  Photo from EOG's Liberty 2-11H core (North Dakota Oil and 






Figure 2-5: The lower Bakken shale contact with the Pronghorn Member. A) The contact is observed in a 
slabbed core photo; B) The same contact is observed in a CT scan.  Bioturbation is seen above this 




Figure 2-6: Gamma-ray type logs from QEP's MHA 1-18H-150-90 pilot hole.  A) GR scale = 0 - 150 
API; character within middle Bakken reservoir is pronounced, but the Bakken black shales are reading 
off-scale.  B) GR scale = 0 – 800 API; character within middle Bakken is suppressed, but character within 
Bakken black shales is apparent.  About six inches of Pronghorn is present between the lower Bakken 






Figure 2-7: North-south transect through the study area showing similarities in gamma-ray character 
through the upper and lower Bakken shales (dark gray).  The lower Bakken “silt” interval is very thin 
(maximum thickness = 2 ft.) across this transect, and is difficult to resolve on the logs.  The middle 
Bakken is colored in purple and the Pronghorn is colored in yellow.  Cross-section is datumed on the top 
of the Lower Bakken Member. 
 
 
Figure 2-8: Elemental trends for QEP’s MHA 1-18H-150-90 lower Bakken shale displayed with an open-
hole gamma ray log.  From left to right: Mo = molybdenum; U = uranium; V = vanadium; Ni = nickel; Cr 
= chromium; Al = aluminum; Ti = titanium; K = potassium; Fe = iron; S = sulfur; Si = silicon.  
BKKNL_1 is the top of Unit 1, BKKNL_2 is the top of Unit 2, BKKNL_3 is the top of Unit 3 and 
BKKNL is the top of the Lower Bakken Member and Unit 4.   
 
2.1.1  Unit 1 
The lowermost unit of the lower Bakken shale is transitional with either the lower Bakken “silt” 
interval (Figure 2-3) or Pronghorn Member (Figure 2-5) in the study area.    This unit contains quartz sand 
and dolomite grains that are about 0.06 to 0.1 mm in diameter (very fine sand) that are scattered 
throughout the black shale matrix and concentrated in very thin laminae about 0.1 mm thick (Figure 2-9).  
Rare quartz silt-filled burrows are present (Figure 2-10), along with networks of meandering horizontal 





(Figure 2-12).  While detrital quartz seems abundant, this unit displays the lowest silicon content of the 
four units (Figure 2-8).  It lacks the common authigenic silica seen in the other three units. Additionally, 
there is a decrease in clay content shown by the upward decreasing trends in aluminum, titanium and 
potassium (Figure 2-8).  In contrast, the amounts of molybdenum, uranium and nickel increase upward 
through Unit 1 (Figure 2-8). 
 
2.1.2  Unit 2 
The top of Unit 2 is picked at the base of a GR spike corresponding with a sharp increase in 
molybdenum, uranium, potassium, iron, sulfur, aluminum, titanium, vanadium and nickel (Figure 2-8).  
This unit contains common scattered silt grains, flattened fecal pellets, Tasmanites and other algal cysts 
(both flattened and preserved) (Figure 2-13), chert and radiolarians that are cemented by calcite and pyrite 
(Figure 2-14).  No bioturbation or ripples were observed in this unit.   
 
 
Figure 2-9: Thin-section photomicrograph (plane-polarized light) of Unit 1 containing very fine quartz 
sand scattered through the matrix and concentrated in thin laminae.  The thin section is at a depth of 





Table 2-1: Summary of lower Bakken shale units seen in the nine study wells. 








High K, Al, Ti, V 
and Ni values 




Pyrite Horizontal Burrows Yes 
3 
General upward 
decrease in U, K, 
Al, Ti, with local 
variations. Most 
commonly has the 
highest V values. 
Common scattered silt grains 
and flattened fecal pellets 
Flattened 
Tasmanites and 




other algal cysts; 
radiolarians 
replaced by silica 






w/ local variations; 
Upward 
decreasing trends 
in K, Al and Ti in 
some wells; top of 
unit shows abrupt 
increase in Mo, U, 
K, Fe, S, Al, Ti, V, 
Ni 
Common scattered silt 
grains, flattened fecal pellets 
and pyrite 
Tasmanites and 





other algal cysts 











decreasing trend in 
Al, Ti, K; Upward 
increase in Mo, U 
and Ni 
Abundant very fine quartz 
sand and dolomite scattered 
through black shale matrix, 
some concentrated in distinct 

















Figure 2-10: Thin-section photomicrograph (plane-polarized light) of a quartz silt-filled burrow from Unit 




Figure 2-11: Horizontal slice from helical CT scan within Unit 1 showing horizontal bioturbation.  Photo 






Figure 2-12: Two thin-section photomicrographs from lower Bakken Unit 1 showing rapid vertical 
changes within the unit.  The upper photo contains common flattened fecal pellets and scattered grains of 
quartz silt, Tasmanites and common pyrite (black).  The lower photo is less than two feet below the upper 
photo and is remarkably different.  It contains very fine quartz sand and phosphatic fossil fragments, 
including conodonts.  The light is primarily concentrated in the quartz grains.  The black matrix is 
composed of organics and clays. Both photos are from QEP’s MHA 2-05-04H-148-91 core and are 30 
microns thick. 
 
2.1.3  Unit 3 
Unit 3 typically has the highest vanadium values and is characterized by a general upward 
decrease in uranium, potassium, aluminum and titanium (Figure 2-8).  Scattered silt grains are common 
along with flattened algal cysts and fecal pellets, radiolarians (Figure 2-15) and abundant pyrite and chert.  






Figure 2-13: Thin-section photomicrograph (plane-polarized light) containing Tasmanites and other algal 
cysts in the lower Bakken shale preserved by early pyritization or silicification prior to compaction.  
Some algal cysts were flattened.  Bright white features are likely radiolarians.  Thin-section taken from 
QEP’s MHA 1-18H-150-90 core and is 30 microns thick. 
 
2.1.4  Unit 4 
The uppermost unit of the lower Bakken shale is transitional with the Middle Bakken Member.  
Unit 4 is characterized by high potassium, aluminum, titanium, vanadium and nickel values.  It contains 
scattered quartz and dolomite silt, sparse flattened algal cysts and pyrite.  Rare horizontal burrows (Figure 
2-16) and ripples (Figure 2-17) are observed in this unit in the CT scans.   
 
2.2  Lower Bakken “Silt” 
The thickness of the lower Bakken “silt” in wells from the study area ranges from 0 to 2 feet, with 
the exception of WPX’s George Evans 11V, which has 6 feet (Figure 2-18).   The lower Bakken “silt” 
shows little, to no, molybdenum or uranium.  The top is picked where there there is a significant increase 
in nickel at the base of Unit 1 (Figure 2-18).  The lower Bakken “silt”, Pronghorn and upper Three Forks 
picks can be made using open-hole logs and distinct changes in neutron-porosity (Figure 2-19).  However, 
because the lower Bakken “silt” interval is so thin in the study area, it can be difficult to resolve in open-






Figure 2-14: Thin-section photomicrograph (plane-polarized light) showing common radiolarians with 
mainly calcite cementation.  Some are completely replaced by pyrite (black circular features).  Thin-
section taken from QEP's MHA 2-05-04H-148-91 core and it is 20 microns thick. 
 
 
Figure 2-15: Thin-section photomicrograph (plane-polarized light) containing a 2-mm-thick bed of 







Figure 2-16: Horizontal slice from helical CT scan within Unit 4 showing horizontal bioturbation.  Photo 
comes from QEP’s MHA 2-05-04H-148-91 core at 9,942.3 ft. 
 
 
Figure 2-17: Horizontal slice from helical CT scan within Unit 4 showing probable ripples.  Photo comes 






Figure 2-18: Elemental trends from WPX's George Evans 11V core showing lower Bakken shale Units 1-
4, the lower Bakken "silt" and the Pronghorn.  From left to right: Mo = molybdenum; U = uranium; V = 
vanadium; Ni = nickel; Cr = chromium; Al = aluminum; Ti = titanium; K = potassium; Fe = iron; S = 
sulfur; Si = silicon.  The top of the lower Bakken "silt" is marked by a downward decrease in 
molybdenum, uranium and nickel. 
 
2.3  Chemostratigraphic Correlation 
The four units within the lower Bakken shale, which have been defined by GR, XRF elemental 
data and petrographic examination, correlate very well across the study area from west to east (Figure 
2-20) and from north to south (Figure 2-21).  Units 1 and 4 have a remarkably consistent thickness 
throughout the study area, whereas significant thickening (10 ft) of Unit 2 occurs from east to west 
(Figure 2-20 and Table 2-2).  A less prominent, but still noticeable thickening (5 ft) of Unit 3 also occurs 
from east to west (Figure 2-20 and Table 2-2).  Perhaps surprising is the relatively consistent thickness of 
each unit on the north-south transect (Figure 2-21 and Table 2-2).   
Comparing the elemental data and units with open-hole logs should help determine trends that 
would aid in picking these units without elemental data.  Figure 2-22 shows that Units 1 and 4 have the 
lowest resistivities.  Unit 3 typically has the highest resistivity with Unit 2 being somewhere in between 
(Figure 2-22).  While this is true most of the time, there are still instances (Braaflat 11-11H, N&D 1-05H, 
MHA 2-05-04H-148-91 and George Evans 11V) where these trends do not hold and thus should not be 
used (Figures 2-23 and 2-24).   
 
2.4 CT Scan of the Lower Bakken Member 
A CT scan of the entire Lower Bakken Member was available for QEP’s MHA 2-05-04H-148-91 
(Figure 2-25) and WPX’s George Evans 11V (Figure 2-26).  A noticeable difference between the two 
scans is that WPX’s George Evans 11V has the relatively massive lower Bakken “silt” interval beneath 
the laminated lower Bakken shale Unit 1 (Figure 2-26).  This interval is not present in QEP’s MHA 2-05-






Figure 2-19: Open-hole logs from WPX's George Evans 11V.  Lower Bakken "silt" interval and 
Pronghorn Member were identified in core, but these picks also match up nicely with neutron-porosity 
changes (flagged by arrows). 
 
Horizontal slices of the core were examined one hundredth of an inch at a time.    Polygonal 
features, which may be syneresis cracks, were observed in all four units of the lower Bakken shale.  
Syneresis is a chemical process in which there is a bulk volume reduction within sediments by 
subaqueous or subsurface dewatering (Nelson, 2001).  Syneresis fractures are commonly referred to as 
“chicken-wire fractures” because of the three-dimensional polygonal network that forms in the sediment 
(Figure 2-27).    These features vary in size, but are most commonly between 0.5 and 1.0 inch wide in the 
Bakken black shales (Figure 2-28).  The CT scan shows a high density material (most likely calcite) 
locally filling in the fractures (Figures 2-28 and 2-29).  The distribution of these syneresis cracks in the 
lower Bakken shale in the MHA 2-05-04H-148-91 core is shown in Figure 2-30.  At least one example of 
these polygonal features was observed in each unit of the lower Bakken shale. 
Thin, bioturbated intervals are extremely rare and were only observed in Units 1 and 4 of the 
lower Bakken shale (Figure 2-31).  Pyrite filled vertical fractures are common in lower density thin beds 
(Figure 2-32).  The fractures only extend to the top and base of the bed in which they occur (Figure 2-32).  
The CT scans provide a high resolution, detailed view of what the Bakken black shales really look like.  





Table 2-2: Thicknesses of the four units within the lower Bakken shale and the lower Bakken “silt” in the 
study area.  Values are included from the west-east and north-south transects. 
East-West Transect Thicknesses (Feet) 
   George Evans Liberty Fertile ST-ANDES Thick-Thin Difference 
 Sequence 4 3 4 3 3 1 
 Sequence 3 14 14 10 9 5 
 Sequence 2 14 11 10 4 10 
 Sequence 1 7 7 4 5 3 
 lower Bakken "silt" 6 1 1 1 5 
 
       North-South Transect Thicknesses (Feet) 
  
Braaflat N&D Liberty MHA 1-18H MHA 2-05-04H 
Thick-Thin 
Difference 
Sequence 4 4 3 4 3 6 3 
Sequence 3 14 12 14 14 11 3 
Sequence 2 11 10 11 10 9 2 
Sequence 1 7 6 7 5 4 3 
lower Bakken "silt" 1 2 1 0 0 2 
 
2.5  QEMSCAN Comparison 
The highest silicon values are seen in Units 2 and 3 of the lower Bakken shale (Figure 2-8).  
These high values are attributed to the presence of biogenic and authigenic silica that is not present in 
Units 1 and 4.  Sonnenberg (2011) noted that the highest quartz values observed with QEMSCAN data 
from the Braaflat 11-11H occurred in the middle part of the lower Bakken shale and was attributed to the 
presence of radiolaria.  These results are consistent with what has been observed in the XRF analysis and 
petrographic examination of the lower Bakken shale in this study (Figure 2-33).  Units 2 and 3 typically 






Figure 2-20: West to east chemostratigraphic correlation of the four units identified in the lower Bakken shale.  Refer to Figure 2-18 for curve 
names and scales.  Note that the Dobrinski 18-44 was excluded from this cross-section due to lack of data in the lower Bakken shale.  This cross-







Figure 2-21: North to south chemostratigraphic correlation of the four units identified in the lower Bakken shale.  Refer to Figure 2-18 for curve 






Figure 2-22: MHA 1-18H-150-90 triple combo and aluminum (derived from XRF) with Units 1 through 4 






Figure 2-23: West to east triple combo compared with Al (ppm) curve and unit breakouts.  Note that the Dobrinski 18-44 was excluded from this 







Figure 2-24: North to south chemostratigraphic correlation of the four units identified in the lower Bakken shale.  Refer to Figure 2-22 for the 






Figure 2-25: Helical CT scan images of the entire Lower Bakken Member.  Dark color = lower density; lighter colors = higher density.  Bright 
white patches indicate pyrite.  Photos come from QEP’s MHA 2-05-04H-148-91 core.  PRNR (yellow) = Pronghorn Member top; BKKNL_1 
(pink) = top of lower Bakken shale Unit 1; BKKN_2 (orange) = top of lower Bakken shale Unit 2; BKKNL_3 (green) = top of lower Bakken shale 






Figure 2-26: CT Scan of WPX’s George Evans 11V.  Distinct differences can be seen between Unit 1 of the lower Bakken shale and the lower 
Bakken "silt".  The lower Bakken "silt" is relatively massive, while Unit 1 shows distinct laminations and abundant pyrite (white = high density).  
The lower Bakken “silt” interval is not seen in the CT scan for QEP’s MHA 2-05-04H-148-91 core (Figure 2-25).  PRNR (white) = Pronghorn 
Member top; BKKNL_SILT = top of lower Bakken “silt”; BKKNL_1 (pink) = top of lower Bakken shale Unit 1; BKKN_2 (orange) = top of 
lower Bakken shale Unit 2; BKKNL_3 (green) = top of lower Bakken shale Unit 3; BKKNL (blue) = top of the Lower Bakken Member and lower 






Figure 2-27: Syneresis or “chicken-wire” fractures from the Myler Gas Unit No. 2 core (2,568 ft) in 
Stanton County, Kansas.  This example is from the Permian Council Grove Formation in a package of red 







Figure 2-28: Horizontal slice from helical CT scan within Unit 4 showing polygonal features that may be 
syneresis cracks.  Fractures are filled with a higher density material, possibly calcite, as indicated by the 
light gray color.  Photo comes from QEP’s MHA 2-05-04H-148-91 core. 
 
 
Figure 2-29: Horizontal slice from helical CT scan within Unit 4 showing polygonal features filled with 
higher density material, possibly calcite, than the surrounding matrix.  A temperature colormap is used.  
The gold color represents pyrite, while the magenta color represents a less dense material, most likely 






Figure 2-30: Helical CT scan images of the entire Lower Bakken Member.  Dark color = lower density; lighter colors = higher density.  Bright 
white patches indicate presence of pyrite.  Blue stars indicate where polygonal features were documented.   There are undoubtedly more of these 
features throughout the shale, but CT images just have not been captured of them.  Photos come from QEP’s MHA 2-05-04H-148-91.  PRNR 
(yellow) = Pronghorn Member top; BKKNL_1 (pink) = top of lower Bakken Unit 1; BKKN_2 (orange) = top of lower Bakken Unit 2; BKKNL_3 





Figure 2-31: Helical CT scan images of the entire Lower Bakken Member.  Dark color = lower density; 
lighter colors = higher density.  Bright white patches indicate pyrite.  Stars (color coded with slice images 
on bottom left) indicate where bioturbation was documented.   Photos come from QEP’s MHA 2-05-04H-
148-91 core.  PRNR (yellow) = Pronghorn Member top; BKKNL_1 (pink) = top of lower Bakken shale 
Unit 1; BKKN_2 (orange) = top of lower Bakken shale Unit 2; BKKNL_3 (green) = top of lower Bakken 
shale Unit 3; BKKNL (blue) = top of Lower Bakken Member and lower Bakken shale Unit 4.  Two thin-






Figure 2-32: Horizontal slices from helical CT scans showing two examples of vertical pyrite-filled 
fractures.  The top photo uses an intensity colormap (dark = less dense; light = more dense).  The bottom 
photo uses a temperature colormap (white = least dense; gold = most dense).  The gold color represents 
pyrite, while the magenta color represents a less dense material.  These fractures are confined to thin, 
lower density, possibly radiolarian rich beds.  Photo comes from QEP’s MHA 2-05-04H-148-91 core. 
 
 
Figure 2-33: QEMSCAN of lower Bakken shale in Whiting's Braaflat 11-11H.  This diagram has been 
modified from Sonnenberg (2011) to include the lower Bakken shale unit numbers described in this 
study. 
 
The Middle Bakken Member, a mixed carbonate-siliciclastic unit, conformably overlies the 





open-hole logs and core descriptions was done for the six facies of the middle Bakken, which enabled 
chemostratigraphic correlation of these facies across the study area. 
 
 
Figure 2-34: Core photo of the contact between the Middle and Lower Bakken Members.  Photo from 







CHAPTER 3 : THE MIDDLE BAKKEN MEMBER 
 
The middle Bakken is composed of mixed carbonates and siliciclastics and conformably overlies 
the Lower Bakken Member (Figure 2-34).  The Middle Bakken Member is thickest east of the Nesson 
Anticline (Figure 3-1).  The lithology varies from a light- to medium-gray, very dolomitic, fine-grained 
siltstone to a very-silty fine-crystalline dolomite (Meissner, 1978).  The mineralogy is variable across the 
basin and consists of 30 to 60 percent siliciclastic material, 30 to 80 percent carbonate material and minor 
matrix material (illite, illite/smectite, chlorite and kaolinite) (Sonnenberg et al., 2011).  Effective matrix 
porosities and permeabilities of the middle Bakken are low and average 5 to 6% and less than 0.1 md, 
respectively (Meissner, 1978).  The six middle Bakken facies, which are designated A through F in 
ascending order in the Colorado School of Mines (CSM) nomenclature as modified from Canter et al. 
(2009), were used in this study.  A summary of these facies is presented in Table 3-1 and the facies are 
shown on the core description forms in Appendix A.   
 
3.1  Facies Characterization within the Middle Member 
All six facies were not present in all nine cores within the study area.  Facies C only occurs in the 
three western (basinward) cores (Braaflat 11-11H, Liberty 2-11H and George Evans 11V) (Figure 3-2).  
Facies D is relatively discontinuous and is absent in the George Evans 11V, Fertile 1-12H, ST-ANDES 
151-89-2413H-1 and N&D 1-05H.  The Braaflat 11-11H is used as the type log for elemental trends 
within the Middle Member because all 6 facies are present (Figure 3-3).  The facies color scheme in 
Figure 3-3 will be used for all of the remaining cross-sections in this chapter. 
 
3.1.1  Facies A 
Facies A, the lowermost middle Bakken facies, is a micritic skeletal wackestone.  Fragments of 
crinoids, brachiopods, bryozoans, ostracods and gastropods are commonly seen (Figure 3-4), as well as 
articulated brachiopods (Figure 3-5).  This facies shows a characteristic downward increasing trend in 
strontium (Sr) near the top of the lower Bakken shale (Figure 3-3).  This trend is seen in all nine cores in 
the study area (Figures 3-6 and 3-7) and may be attributed to strontium replacing calcium in what was 
originally aragonite.  Facies A ranges from 2 to 4 feet thick in the study area (Table 3-2) and shows a 






Figure 3-1: Structural contours on the top of the Middle Bakken Member.  Color-fill shows the Middle Bakken Member thickness ranging from 0 





Table 3-1: Middle Bakken Member Facies Descriptions (Modified from Gent, 2011). 
Facies Unit Lithology Sedimentary Structures Biogenic Features 
F – Fossiliferous, Silty, 
Dolomitic Wackestone 
Light to medium gray, fossiliferous, 
dolomitic wackestone with scattered silt 
grains.  Pyrite replacement of bioclasts. 





E - Laminated, Fossiliferous, 
Dolomitic Mudstone to 
Wackestone 
Light to medium gray, dolomitic mudstone to 
wackestone with some silty beds.  Pyrite 
replacement of some bioclasts.  Pyrite 
nodules scattered throughout the unit. 
Massive to planar laminated, with 
wavy to irregular laminations. 
Some Brachiopods 
D - Calcitic 
Grainstone/Sandstone with 
Planar to Low Angle Cross-
beds and Common Calcite-
Cemented Nodules.  
Light gray, sandy, calcitic grainstone and 
fine-grained sandstone with some siltstone 
laminae. 
Interbedded with planar to low 
angle and undulating lamination, 






C - Laminated Very Fine-
Grained Dolomitic Sandstone 
to Siltstone 
Light gray to tan, very fine-grained, 
laminated, argillaceous, calcareous, dolomitic 
sandstone to siltstone.  Pyrite nodules or 
framboids scattered throughout the unit. 
Very fine-planar-parallel 
laminations with some storm 
events. 
None 
B - Bioturbated, Argillaceous, 
Calcareous, Dolomitic, Fine- 
to Coarse-Grained Siltstone 
Dark gray to tan, very fine-grained, 
bioturbated, argillaceous, calcareous, 
dolomitic sandstone.  Pyrite and calcite 
replacement of bioclasts. 





A – Micritic Skeletal 
Wackestone 
Light to medium gray, micritic limestone 
with crinoid and brachiopod fragments. 
Bioclasts have significant pyrite replacement. 
Fossiliferous wackestone just above 








Figure 3-2: Map of the study area showing the north-south and west-east transects.  Yellow stars highlight 
the most basinward cores, which are the only wells in the study area that contain Facies C.  The color-
filled contours are structural contours on the top of the Middle Bakken Member. 
 
 
Figure 3-3: Braaflat 11-11H Middle Bakken Member elemental type log and facies breakout.  Facies A 
shows a characteristic downward increasing trend in strontium (Sr).  Facies B shows blocky character in 
calcium (Ca), silicon (Si) and aluminum (Al) with a slight upward decrease in strontium.  Spiky variation 
attributed to local diagenesis.  Facies C shows sharp increase in Ca and Sr at the base.  Facies D shows 
characteristically high Ca and Sr with low Si and Al.  The base of Facies E is picked by a drop in Ca and 
an increase in Al.  The base of Facies F/top of Facies E can be difficult to pick off elemental data, but 






Figure 3-4: Photomicrograph (plane-polarized light) of Facies A, a skeletal wackestone containing 
fragments of brachiopods, echinoderms and ostracods.  Matrix is mainly micrite with detrital quartz and 




Figure 3-5: Photomicrograph (plane-polarized light) showing an articulated brachiopod in middle Bakken 
Facies A.  Photo from Marathon's Dobrinski 18-44 core.  The black crystals inside the shell are pyrite.  






Figure 3-6: North-South transect through the study area showing chemostratigraphic correlation of middle Bakken Facies A through F. Datum = 
top of Facies F / base of upper Bakken shale.  Facies B (green) shows a significant thickening to the north that is quite independent of the 
thickness trends in the other facies.  Facies D (yellow) is present in all of the wells along this transect (characteristically high Ca and Sr), except 







Figure 3-7: West-east transect through the study area showing chemostratigraphic correlation of middle Bakken Facies A-F.  Datum = top of 
Facies F / base of upper Bakken shale.  Facies A (cyan blue) thickens slightly to the east.  Facies B (green) shows significant thickening to the 
west that is quite independent of the thickness trends in the other facies.  Facies D (yellow) is only present in the Liberty 2-11H and the 





Table 3-2: Thicknesses of Facies A through F within the middle Bakken in the study area.  Values are 
included from the north-south and west-east transects. 
West-East Transect Thicknesses (Feet) 
Facies George Evans Liberty Fertile ST-ANDES Dobrinski 
F 3 2.5 2 2 4 
E 9 9 13 14 7 
D 0 9 0 0 3 
C 4 5.5 0 0 0 
B 15 24 16 9 6 
A 2 2 3 3.5 4 
      North-South Transect Thicknesses (Feet) 
Facies Braaflat N&D Liberty MHA 1-18H MHA 2-05-04H 
F 4 3 3 2 3 
E 7.5 8.5 9 9 9 
D 8.5 0 9 13 3 
C 4 0 6 0 0 
B 32 23 24 17 8 
A 2 3 2 2 3 
 
3.1.2  Facies B 
Facies B is a bioturbated, argillaceous, calcareous, dolomitic, fine- to coarse-grained siltstone 
(Figure 3-8).  This facies shows a relatively blocky character in calcium, strontium, silicon and aluminum 
(Figure 3-3).  Spiky variations of calcium, silicon and aluminum within this facies can be attributed to 
local diagenesis, including calcite cementation that can be seen in the core, CT scans and thin sections 
(Figure 3-9).  Facies B shows the largest variation in thickness (Table 3-2) and thins from west to east and 
from north to south across the study area (Figures 3-6 and 3-7 and Table 3-2). 
 
3.1.3  Facies C 
Facies C only occurs in the three western (basinward) cores within the study area (Braaflat 11-
11H, Liberty 2-11H and George Evans 11V) (Figure 3-2) and is between 4-6 feet thick.  It is a laminated, 
very fine-grained, dolomitic sandstone to siltstone.  Where present, Facies C has a distinct increase in 
strontium at the base (Figure 3-3).  The top is picked by the abrupt increase in calcium and strontium if 
Facies D is present (Figure 3-3).  If Facies D is missing, the top is picked by an abrupt decrease in 
calcium indicative of Facies E (Figure 3-10).  Facies C pinches out from west to east (Figures 3-2 and 3-7 







Figure 3-8: This photomicrograph (plane-polarized light) of Facies B shows a bioturbated dolomitic 
siltstone with sparse brachiopod fragments.  The silt grains look to be about 0.05 mm in size, coarse silt.  
Photo from QEP’s MHA 1-18H-150-90 core.  
 
3.1.4  Facies D 
Facies D is the only facies that is easily identified on the gamma-ray log.  This facies shows 
characteristically low gamma-ray counts (typically less than 30 API) (Figure 3-3).  It is a sandy, calcitic 
grainstone with beds of ooids and fossil fragments mixed with quartz grains about 0.05 mm in size 
(coarse silt) (Figure 3-11).  Grains are typically cemented with calcite and porosity is rarely visible.  
Lithologic variation is common and a “dirtier” (higher gamma-ray count) Facies D is seen in QEP’s MHA 
2-05-04H-148-91 (Figure 3-12).  This variation lacks ooids and is primarily composed of calcitic fossil 
fragments, detrital dolomite, quartz, feldspar and abundant calcite (~40%) (Figure 3-13).  Facies D is 
identified in the elemental data by its characteristically high calcium and strontium values, corresponding 
with low aluminum values (Figure 3-3).  This facies is extremely variable in thickness and is not just a 
simple eastward pinch-out as suggested by Whiting, 2010 (Figure 3-14).  For example, Facies D was 
about 3 ft thick in QEP’s MHA 2-05-04H-148-91 pilot hole (Figure 3-12).  When the lateral was kicked-
off the vertical well, a much thicker Facies D was encountered and came and went throughout the length 







Figure 3-9: A) Core photo of Facies B exhibiting patchy calcite cementation (gray areas); B) CT scan 
photo of Facies B showing higher density calcite that is brighter in color (light gray) compared to lower 
density matrix (dark gray);. C) Thin-section photomicrograph stained with Alizarin Red S showing local 
calcite cementation in the lower half of the photo.  All photos are from QEP’s MHA 2-05-04H-148-91 
core. 
 
3.1.5  Facies E 
Facies E is a laminated, fossiliferous, dolomitic mudstone (Figure 3-16).  Shaly and silty 
laminations, along with organic laminae and pyrite are common (Figure 3-17).  Skeletal storm beds are 
also seen commonly within Facies E (Figure 3-18).  The lowermost part of Facies E is informally termed 
“the gamma-ray marker” because of an increase in API count of the gamma-ray tool (Figures 3-3, 3-10 
and 3-12).  This “gamma-ray marker” is widely used as a hard marker for geosteering middle Bakken 





the “gamma-ray marker” (Figures 3-3, 3-10 and 3-12).  The uppermost portion of Facies E is relatively 
blocky (in gamma-ray and elemental data) (Figure 3-3).  The boundary between the top of Facies E and 
the base of Facies F is picked at the base of an aluminum spike (Figure 3-3).  This pick can be difficult 
and should be refined by visual inspection of the core in conjunction with the elemental data.  Along the 
north-south transect, this facies varies very little in thickness (7 to 9 ft).  More thickness variation (7 to 14 
ft) is seen along the west-east transect, but a distinct west-east thinning trend is not seen.  
 
 
Figure 3-10: George Evans 11V Middle Bakken Member open-hole GR log, elemental type logs and 
facies breakout.  Facies A shows a characteristic downward increasing trend in strontrium (Sr).  Facies B 
shows blocky character in calcium (Ca), silicon (Si) and aluminum (Al) with a slight upward decrease in 
Sr.  Spiky variation attributed to local diagenesis.  The base of Facies C is marked by a sharp increase in 
Ca and Sr.    Facies D is missing and Facies E is directly overlying Facies C.  The base of Facies E is 
picked by a drop in Ca and an increase in Al.  The base of Facies F/top of Facies E can be difficult to pick 
off elemental data, but commonly corresponds with an increase in Al. 
 
3.1.6  Facies F 
Facies F, the uppermost facies within the Middle Bakken Member, is a fossiliferous, silty, 
dolomitic wackestone that contains common brachiopod fragments (Figure 3-19) and some articulated 
brachiopods.   The top is picked at the base of the Upper Bakken Member.  The base of this facies can be 
difficult to pick off of elemental data, but commonly corresponds to a sharp increase in aluminum and 
calcium (Figures 3-3, 3-10 and 3-12).  The thickness of this facies remains relatively constant (from 2 to 4 
feet) thick across the study area (Table 3-2). Similar to the Lower and Middle Members, integration of 
XRF data, CT scans, open-hole logs and petrographic thin-sections helps determine characteristics that 






Figure 3-11: Thin-section photomicrograph (crossed-nichols and gypsum plate) of Facies D in Marathon's 
Dobrinski 18-44 core.  Abundant ooids and scattered fossil fragments along with quartz grains (coarse silt 
in size) are clearly visible. 
 
 
Figure 3-12: QEP's MHA 2-05-04H-148-91 core showing about three feet of Facies D.  This Facies D is 






Figure 3-13: Photomicrograph (plane polarized light) of "dirty" Facies D.  It is primarily composed of 
calcitic fossil fragments within lesser amounts of detrital dolomite, quartz and feldspar.  Photo from 
QEP’s MHA 2-05-04H-148-91 core. 
 
 
Figure 3-14: Diagram from Whiting Petroleum Company presentation showing simple eastward pinch-out 






Figure 3-15: Lateral interpretation of QEP's MHA 2-05-04H-148-91.  Facies D (cyan blue color) had a variable thickness throughout the length of 






Figure 3-16: Photomicrograph (plane-polarized light) of middle Bakken Facies E.  It is a laminated, silty 
dolomite mudstone with beds of calcitic fossil fragments.  Pictured above are very thin-shelled 
brachiopods. Sample from QEP’s MHA 2-05-04H-148-91 core. 
 
 
Figure 3-17: Photomicrograph (plane-polarized light) of middle Bakken Facies E.  Detrital dolomite 
grains are common (ferroan dolomite stained pale blue).  Sample contains shaly and silty laminations 







Figure 3-18: Photomicrograph (plane-polarized light) of skeletal storm bed in Facies E resting on a 
unfossiliferous silty dolomite mudstone.  Sample from QEP’s MHA 2-05-04H-148-91 core. 
 
 
Figure 3-19: Photomicrograph (plane polarized light) of a brachiopod shell fragment in Facies F.  The 
matrix around the brachiopod is a silty dolomite mudstone with no visible porosity.  Sample from QEP’s 







CHAPTER 4 : THE UPPER BAKKEN MEMBER 
 
The Upper Bakken Member, a silty, organic-rich shale, is another major hydrocarbon source rock 
in the Williston Basin. It is conformable with the Middle Bakken Member and is conformably overlain by 
the Lodgepole Formation (Figure 4-1).  The Upper Bakken is thickest near the center of the basin and 
does not thin over the Nesson Anticline like the Lower Bakken Member (Figure 4-2).   
 
 
Figure 4-1: A) Core photo of the contact between the Upper Member of the Bakken Formation and the 
Lodgepole Formation.  The Upper Member was not lithified prior to Lodgepole deposition as indicated 
by the Upper Member being squeezed into the lower Lodgepole.  B) Core photo of the contact between 
the Upper and Middle Members of the Bakken Formation.  This contact is conformable.  Both photos are 






4.1  Upper Bakken Shale Units 
Two units have been identified within the Upper Bakken Member based on elemental trends and 
gamma-ray signatures (Figure 4-3).  Very little difference between the two units can be seen 
petrographically.  Table 4-1 summarizes elemental trends within each unit, as well as details on which 
units contain certain fossil fragments, diagenetic features, bioturbation and ripples.  A notable difference 
seen in petrographic work between the Upper and Lower Members is that the Lower Member contains 
abundant algal cysts (commonly Tasmanites) whereas they are much less common in the Upper Bakken 
Member (Figure 4-4). 
 
4.1.1  Unit 1 
The lower unit of the Upper Member contains scattered quartz and dolomite silt grains, abundant 
radiolarians (Figure 4-5), phosphatic fossil fragments (Figure 4-6) and various types of fecal pellets 
(Figures 4-7 and 4-8).  Thin quartz-silt laminae (commonly about 0.1 mm thick) are seen within this unit 
and are likely formed from fallout of silt grains from dust storms (Figures 4-9 and 4-10) that blew out 
over the Bakken sea.  An upward decrease in molybdenum and uranium is commonly seen in this unit 
(Figure 4-3).  The top is marked by a sharp increase in vanadium and nickel and Unit 1 typically has 
higher silicon values than Unit 2 (Figure 4-3).  Silicon values are probably higher in Unit 1 than 2 because 
radiolarians are more abundant in Unit 1 (Figure 4-11).  Bioturbation and ripples were not observed in the 
CT scans of this unit. 
 
4.1.2  Unit 2 
Unit 2 of the Upper Bakken Member contains scattered quartz and dolomite silt grains, 
phosphatic fossil fragments and fecal pellets similar to Unit 1.  Visually, the biggest difference between 
the two units is that Unit 2 contains less radiolarians than Unit 1 (Figure 4-11), which results in lower 
silicon values in the elemental data (Figure 4-3).  The vanadium content is much higher in Unit 2 than 






Figure 4-2: Structural contours on the top of the Upper Bakken Member.  Color-fill shows the Upper Bakken Member thickness ranging from 0 






Figure 4-3: Elemental trends for EOG’s Liberty 2-11H Upper Bakken Member displayed with an open-hole gamma ray log.  BKKNU_1 is the top 
of Unit 1, BKKNU is the top of the Upper Bakken Member and Unit 2.  Units 1 and 2 are subdivided primarily based off of the dramatic increase 
in vanadium at the top of Unit 1, base of Unit 2 that also corresponds to a decrease in API count in the gamma-ray data.  Additionally, Unit 1 






Figure 4-4: Thin-section photomicrographs (plane-polarized light) comparing the abundant algal cysts in 
the Lower Member to the much less common algal cysts in the Upper Member of the Bakken Formation.  
A) Arrow points to one very small (0.05 mm) algal cyst seen in the Upper Member.  B) Multiple arrows 
highlight the common occurrence of algal cysts (commonly Tasmanites) in the Lower Member.  Both 






Figure 4-5: Thin-section photomicrograph (plane-polarized light) showing slightly flattened radiolarians 
that are cemented with silica and pyrite (black).  The sample is from Unit 1 within the Upper Bakken 
Member from QEP’s MHA 1-18H-150-90 core. 
 
 
Figure 4-6: Thin-section photomicrograph (plane-polarized light) of aligned phosphatic fossil fragments 
which may suggest they are part of a fish vertebral column.  They are encased in phosphate cement 








Figure 4-7: Thin-section photomicrograph (plane-polarized light) of un-flattened fecal pellets. This 
excretion was quite firm and resisted compaction suggesting that it came from an omnivore rather than a 
filter-feeding herbivore higher in the water column.  The darker color may reflect a high organic content.  
Sample is from Whiting's Braaflat 11-11H upper Bakken shale Unit 1. 
 
 
Figure 4-8: Thin-section photomicrograph (plane-polarized light) of flattened fecal pellets in Unit 1 of the 
upper Bakken shale.  These fecal pellets were soft and easily compacted.  They probably came from a 
filter-feeding organism that was more efficient at digesting organic matter and excreted relatively clean 






Figure 4-9: Thin-section photomicrograph (plane-polarized light) of a thin quartz-silt laminae seen in Unit 
1 of the Upper Bakken Member.  These are most likely deposited by dust storms.  Photo is from QEP’s 
MHA 2-05-04H-148-91 core. 
 
 
Figure 4-10: Thin-section photomicrograph (plane-polarized light) showing a thin quartz silt laminae.  It 
is about 0.05 mm thick at left and increases in thickness to about 0.1 mm on the right side of the photo.  






Figure 4-11: Thin-section photomicrographs (plane-polarized light) comparing the relative abundances of 
radiolarians in Unit 1 (B) versus Unit 2 (A).  A) Radiolarians from Unit 2 are highlighted with white 
arrows.  Radiolarians are less common in Unit 2 than 1.  Photo from QEP’s MHA 2-05-04H-148-91. B) 
Multiple arrows highlighting common radiolarians within Unit 1 of the Upper Member.  Photo is from 





Table 4-1: Summary of Upper Bakken Member units seen in the nine study wells. 
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4.2  Chemostratigraphic Correlation 
The two units within the Upper Bakken Member, which have been defined by gamma-ray, XRF 
elemental data and petrographic examination, correlate very well across the study area from west to east 
(Figure 4-12) and from north to south (Figure 4-13). The thicknesses of these two units are inversely 
related along the west to east transect (Table 4-2).  There is a westward thinning of Unit 1 with a 
corresponding westward thickening of Unit 2 (Figure 4-12).  There is a northward thickening of Unit 1 
and thinning of Unit 2 (Figure 4-13). 
 
Table 4-2: Table of upper Bakken shale unit thicknesses.  Unit 2 thickens from east (ST-ANDES) to west 
(George Evans) and from north (Braaflat) to south (MHA 2-05-04H).  Unit 1 thickens from west (George 
Evans) to east (ST-ANDES) and from south (MHA 2-05-04H) to north (Braaflat).  The thicknesses of 
these two units are inversely related. 
West-East Transect Thicknesses (Feet) 
    George Evans Liberty ST-ANDES 
  Unit 2 13 12 7 
  Unit 1 5 6 10 
  
      North-South Transect Thicknesses (Feet) 
  Braaflat N&D Liberty MHA 1-18H MHA 2-05-04H 
Unit 2 6 7 12 10 10 
Unit 1 7 9 6 5 5 
 
Comparing the elemental data and units with open-hole logs should help determine trends that 
would aid in picking these units without elemental data.  Figure 4-14 shows the Braaflat 11-11H open-
hole logs with the aluminum curve.  In general, Unit 1 has a lower resistivity than Unit 2.    While this is 
true most of the time, there are still instances (N&D 1-05H, George Evans 11V and the ST-ANDES 151-
89-2413H-1) where this trend does not hold and thus should not be used (Figures 4-15 and 4-16).  There 
are a variety of variables that affect the resistivity reading.  The most reliable log to pick these units from 







Figure 4-12: West to east chemostratigraphic correlation of the two units identified in the Upper Bakken Member.  Refer to Figure 4-3 for the 
curve names and scales.  Note that the Fertile 1-12H and Dobrinski 18-44 were excluded from this cross-section because there was not enough 
core covering the Upper Member to make the necessary interpretations.  From left to right: George Evans 11V, Liberty 2-11H and ST-ANDES 
151-89-2413H-1.  The cross-section datum is the top of the Upper Member. 
 
 
Figure 4-13: North to south chemostratigraphic correlation of the two units identified in the Upper Bakken Member.  Refer to Figure 4-3 for the 
curve names and scales.  Note that the N&D 1-05H and MHA 1-18H-150-90 cores did not cover the entire Upper Bakken Member.  There was, 
however, enough data to make interpretations.  From left to right: Braaflat 11-11H, N&D 1-05H, Liberty 2-11H, MHA 1-18H-150-90, MHA 2-05-






Figure 4-14: Braaflat 11-11H triple combo and aluminum (derived from XRF) with Units 1 and 2 of the 
Upper Bakken Member displayed.  Unit 2 typically has the highest resistivities. 
 
4.3  CT Scan of the Upper Bakken Member 
CT scans of the entire Upper Bakken Member were available for QEP’s MHA 2-05-04H-148-91 
(Figure 4-17) and WPX’s George Evans 11V (Figure 4-18).  Horizontal slices of the core were examined 
one hundredth of an inch at a time.  Bioturbation was documented in Unit 2 twice; once at the contact 
with the Lodgepole Formation (Figure 4-19) and once about two feet into the Upper Bakken Member 
(Figure 4-20).  No bioturbation was observed in Unit 1. 
 Like the Lower Bakken Member, polygonal features, which may be syneresis cracks, were 
observed in CT scan slices scattered throughout the Upper Bakken Member (Figure 4-21).  The size of the 
polygons between the fractures is variable, but is commonly between 0.5 and 1.0 inch, which is similar to 
the syneresis polygons seen in the Lower Bakken Member.  These fractures are locally filled with a 
higher density material than the host matrix.  This is shown by the brighter or whiter color on the CT 
scans that likely indicates the presence of calcite (Figure 4-21). 
Circular features, typically about an inch in diameter, were observed in Unit 2 of the Upper 
Member, but were not observed in Unit 1 or the Lower Bakken Member (Figure 4-22).  If they were 
burrows, these features should have vertical continuity.  However, they disappear in as little as a 
hundredth of an inch and are not vertically continuous.  There are smaller, about half inch wide objects 
seen in the Upper Member that are also of unknown origin (Figure 4-23).  They are denser (probably 
calcite) than the matrix and are partially replaced by pyrite.  These, too, are not vertically continuous and 






Figure 4-15: West to east triple combo compared with Al (ppm) curve and unit breakouts for the Upper Bakken Member.  Note that the Fertile 1-
12H and Dobrinski 18-44 were excluded from this cross-section due to lack of data in the upper Bakken shale.  Refer to Figure 4-14 for the curve 







Figure 4-16: North to south triple combo compared with Al (ppm) curve and unit breakouts for the Upper Bakken Member.  Refer to Figure 4-14 






Figure 4-17: CT Scan of the Upper Bakken Member in QEP's MHA 2-05-04H-148-91 core.  BKKNU_1 marks the top of Unit 1 and BKKNU is 
the top of the Upper Member and Unit 2.  Dark color = lower density; lighter colors = higher density.  Bright white patches indicate pyrite.  






Figure 4-18: CT scan of the Upper Bakken Member in WPX's George Evans 11V core.  BKKNU_1 marks the top of Unit 1 and BKKNU is the 
top of the Upper Member and Unit 2.  Dark color = lower density; lighter colors = higher density.  Bright white patches indicate pyrite.  Bedding 






Figure 4-19: CT scan of the contact between the Upper Bakken Member and Lodgepole Formation in 
QEP's MHA 2-05-04H-148-91 core.  Bioturbation is seen in the shale at this surface, which also 
corresponds to the top of Unit 2 in the upper Bakken shale. 
 
 
Figure 4-20: CT scan image from about two feet down into the Upper Bakken Member.  Bioturbation is 







Figure 4-21: Photos documenting polygonal features in the Upper Bakken Member.  These features are 
seen in Units 1 and 2 of the Upper Member.  Fractures are filled with a higher density material, possibly 
calcite, as indicated by the light gray color.  Photos from QEP’s MHA 2-05-04H-148-91 core. 
 
 
Figure 4-22: CT scans of circular features that are about one inch wide and are seen in Unit 2 of the 
Upper Member.  Top two photos show an intensity color map (black to white).  The bottom two photos 
use a physics color map (blue to red).  Middle of the range density is common, but sometimes they are 
partly replaced by pyrite (indicated by bright white color on intensity color map and red on the physics 






Figure 4-23: CT scan slice from the upper Bakken shale Unit 1 possibly showing a thin bed of brachiopod 
shells.  They are partly replaced by pyrite (red) and are a higher density than the matrix.  Photos are from 
QEP’s MHA 2-05-04H-148-91 core. 
 
4.4  QEMSCAN Comparison 
Sonnenberg (2011) published QEMSCAN data for six samples in the Upper Bakken Member 
from Whiting’s Braaflat 11-11H core (Figure 4-24).  He noted that the highest quartz content, 
corresponding with Unit 1, was due to the presence of radiolaria.  XRF data typically show higher silicon 
values in Unit 1 than in Unit 2 (Figure 4-25).  The correlation between higher silicon and more 
radiolarians was validated by petrographic work (Figure 4-11).  It should, however, be noted that silicon 






Figure 4-24: QEMSCAN of the Upper Bakken Member in Whiting's Braaflat 11-11H.  This diagram has 
been modified from Sonnenberg, 2011 to include the upper Bakken shale unit numbers described in this 
study.  Unit 1 has higher silicon values than Unit 2 because more radiolarians are present in Unit 1.   
 
 
Figure 4-25: Elemental trends for Whiting’s Braaflat 11-11H Upper Bakken Member displayed with an 
open-hole gamma ray log.  Silicon values (far right) are higher in Unit 1 than Unit 2.  This is due to the 







CHAPTER 5 INTERPRETATIONS 
Elemental data was integrated with core descriptions, petrography and CT scans to further 
characterize the Bakken Formation.  This chapter discusses the geologic interpretations that came from 
this integration of data.   
 
5.1  Relative Sea Level Changes 
Despite thousands of man-hours spent describing and interpreting the facies of the Bakken 
Formation, significant disagreements remain over the precise nature of the depositional environments and 
depth of water during deposition of these facies.  Figure 5-1 shows a relative sea level curve beginning at 
the Pronghorn Member of the Bakken Formation and ending in the lower part of the Lodgepole 
Formation.  The base of the Pronghorn Member marks the beginning of a transgressive systems tract 
(TST).  There was a significant rise in sea level between the Pronghorn and lower Bakken “silt” 
deposition, as well as between the lower Bakken “silt” and the first unit of the lower Bakken shale.  Sea 
level continued to rise until the maximum flooding surface was reached near the top of lower Bakken 
shale Unit 2.  This maximum flooding surface (MFS) corresponds with the top of Unit 2 and is picked 
where there is a sharp increase in vanadium and nickel reflecting a change in reducing conditions (Figure 
2-8).  The MFS marks the end of the TST and the beginning of the falling stage systems tract (FSST), 
also termed regressive systems tract (RST) (Catuneanu, 2006). 
A significant fall in sea level occurred between the deposition of the Lower Bakken Member and 
Facies A of the Middle Bakken Member.  Facies A, a micritic skeletal wackestone, was deposited in a 
shallow-marine environment, below storm wave base.  Facies B, a bioturbated, argillaceous, calcareous, 
dolomitic, fine- to coarse- grained siltstone, was deposited in slightly shallower water in shallow-marine 
subtidal conditions.  Facies C, a laminated very fine-grained dolomitic sandstone to siltstone, was 
deposited in the shallow-marine subtidal to intertidal zone and marks the end of the FSST.  This facies 
appears only in the three western (basinward) cores of the study area (Figure 3-2).  Two out of the three 
cores in which Facies C is observed (Braaflat 11-11H and Liberty 2-11H) display a sharp contact between 
Facies C and overlying Facies D (Figure 5-2).  The third core (George Evans 11V) shows Facies E 
overlying Facies C (Figure 5-3).  This surface is erosional and truncates laminations in Facies C.  The 
eastern (landward) wells have either Facies D overlying B (Figure 5-4) or Facies E overlying B (Figure 
5-5).  Facies D reflects a forced regression with the base of the facies being a sequence boundary 
recording a basinward shift of facies placing higher-energy, more-proximal Facies D atop lower-energy, 
more-distal facies below.  Although the contact between Facies C and D (Figure 5-2) and between Facies 





surface reflecting the basinward shift of facies and correlative to the erosional surface observed up-dip 
outside the study area on the eastern margin of the basin (Figure 5-6). Facies D, a calcitic 
grainstone/sandstone, was deposited in the shallowest waters, in the intertidal zone.   There are 
considerable disagreements whether this facies was deposited as shoal with positive relief or in a 
topographic low or channel with negative relief.  Significant thinning of Facies E and F over a thick 
Facies D might suggest the shoal interpretation (Figure 5-7).  However, the thinning is not justified by the 
thickness of Facies D (i.e., in this example (Figure 5-7) 17 ft of Facies D does not equate to 17 ft of 
thinning in Facies E and F).  An alternative interpretation is that this facies was deposited in a sag created 
by subsidence from dissolution of an underlying salt.  Salt dissolution sags are evidenced in other 
underlying formations, including the Birdbear (Parker, 1967), and are a feasible mechanism for deposition 
of Facies D in the middle Bakken (Figure 5-8).  There is a wide variety of grains including quartz sand, 
silt, ooids, peloids and skeletal fragments that could have been reworked by tidal currents and deposited 
in these sags. The drastic changes in thickness of this facies over very short distances occurred because 
this accommodation space was created only where the salt (likely the Prairie Salt) was dissolved.  This 
process is likely operating at a larger scale and may be responsible for thickness variations in Facies E 
(Table 3-2), as well as abnormally thick middle Bakken packages (Liberty 2-11H).  The thinning of 
Facies E and F might be related to differential compaction, where Facies D did not compact as much as 
the surrounding finer-grained sediments.  The top of Facies D is marked by a flooding surface that 
represents the termination of the LST and the beginning of another TST.  Transgression is recorded from 
the top of Facies D to the MFS in the upper Bakken shale.  Facies E, a laminated, fossiliferous, dolomitic 
mudstone to wackestone, was deposited in a shallow-marine subtidal zone.  Facies F, a fossiliferous, silty, 
dolomitic wackestone, was deposited further offshore, within the storm wave base.  
A significant rise in sea level occurred at the top of Facies F, which is the base of the upper 
Bakken black shale.  The TST continued to the maximum flooding surface, which corresponds to the top 
of Unit 1 in the upper Bakken shale, which is picked based on a sharp increase in vanadium and nickel 
(Figure 4-3).  This surface defines the top of the TST and beginning of another FSST that continued into 
the Lodgepole Formation.   
  
5.2  The Bakken Black Shales 
Mudstones (shales) are the most abundant sedimentary rock type.  To the casual observer, they 
often appear quite homogeneous and as a result, are much more poorly understood than conventional 
limestones and sandstones (Schieber and Southard, 2009).  Black shales are generally defined as fine-
grained sedimentary rocks that contain >1% total organic carbon (TOC) (Stow et al., 2001).  Preservation 





anoxicity, sedimentation rate and grain size (Stow et al., 2001).  Over 90% of the organic matter that 
enters marine systems through terrigenous input or primary marine productivity is destroyed by oxidation 
and bacterial degradation (Huc, 1995).   
 
 
Figure 5-1: A relative sea level curve on the right is displayed with an open-hole gamma-ray log from 
Whiting's Braaflat 11-11H on the left.  This well was chosen for the relative sea level curve because it 
contains all units within the Upper and Lower Members and all facies within the Middle Member, as well 
as the Pronghorn Member of the Bakken Formation.  Maximum Flooding Surfaces (MFS) are indicated 
by the dashed blue lines.  The dashed red lines represent unconformity surfaces.  TST = Transgressive 







Figure 5-2: Core photo from the Braaflat 11-11H core showing the sharp contact between Facies D and C 






Figure 5-3: Core photo from the George Evans 11V core showing the erosional contact between Facies C 






Figure 5-4: Left: White-light core photos showing the sharp contacts between Facies E and D (yellow) 
and between Facies D and B.  Facies C is not present and there is no evidence of erosion which implies 
non-deposition.  Right: UV core photos showing the same sharp contacts between Facies E and D and 






Figure 5-5: Core photo from the N&D 1-05H core showing the sharp contact between Facies E and B in 






Figure 5-6: Core photo from the A Trout 6H 3-14 core (T162N-R94W-6) showing the erosional contact 
between Facies D and the Three Forks Formation.  The base of Facies D represents a forced regression 
and this surface is correlatively conformable in the study area. Photo is from the North Dakota Oil and 







Figure 5-7: Logging while drilling gamma-ray logs for two wells drilled from the same surface location.  
The well on the left shows a 17-ft-thick Facies D (light blue) and the well on the right shows no Facies D.  
The thickness of the lower dolomite (Facies A and B) is almost identical between the two wells.  
Significant thinning of the upper dolomite (Facies E and F) is seen in the well with 17 ft of Facies D.  
Where Facies D is present, it is an additive feature.  The red line highlights the “gamma-ray marker” at 






Figure 5-8: Diagram showing underlying Prairie Salt dissolution creating accommodation space above.  This is a possible analog for the deposition 





5.2.1  Total Organic Carbon (TOC) 
The Bakken black shales of the Williston Basin (upper and lower) have remarkably high present-
day TOCs, which average 11 weight percent (Meissner, 1978; Webster, 1984; Price et al., 1984).  Jarvie 
et al. (2011) cite present-day TOCs averaging slightly less than 15 weight percent near the study area 
(Parshall Field).  Most of the source rock data available from published literature or from the North 
Dakota Industrial Commission are single values per well.  There are obvious limitations when using 
single values and averages, especially because significant vertical variation within the shales is occurs 
(Sonnenberg, 2011).  Vertical heterogeneity is observed in stratigraphic intervals that are millimeters to 
tens of millimeters thick.    An 8 percent difference in TOC is seen between two samples from the George 
Evans 11V that are less than six inches apart (Figure 5-9).   
Hydrous pyrolysis analyses were performed on the Upper and Lower Members with a one foot 
sample density in six wells within the study area (Jin, 2013).  The TOC values range from 1.5 – 22 weight 
percent for the Upper Bakken Member and 1.5 – 25 weight percent for the Lower Bakken Member (Table 
5-1).  Only three out of the six cores sampled for hydrous pyrolysis had data through the entire lower 
Bakken shale interval.  These included the ST-ANDES 151-89-2413H-1, Braaflat 11-11H and MHA 1-
18H-150-90 cores.  On average, Units 2 and 3 have the highest TOCs when compared to Units 1 and 4 in 
the MHA 1-18H-150-90 core.  The highest TOC in the ST-ANDES core appears in Unit 1 and the lowest 
average TOC is in Unit 4.  Average TOCs remain remarkably consistent between Units 1 through 4 in the 
Braaflat 11-11H.  The vertical heterogeneity within the shales limits the conclusions that can be drawn 
from these averages (Table 5-2).   
 
Table 5-1: Table summarizing TOC ranges and averages within the Upper and Lower Members. 






Braaflat 11-11H 5 – 17 (n = 12) 15 1.5 – 20 (n = 39) 14 
MHA 1-18H-150-90 N/A N/A 5 - 19.5 (n = 34) 15 
N&D 1-05H 8.5 - 20.5 (n = 18) 14 11 - 19.5 (n = 20) 15 
Fertile 1-12H 1.5 – 16 (n = 4) 12 7 – 25 (n = 24) 16 
St. Andes 151-89-2413-1H 11.5 - 21.5 (n = 18) 15.5 2 – 20 (n = 22) 14 
Dobrinski 18-44 5.5 – 19 (n = 11) 13 5.5 – 13 (n = 10) 9 
 
Only three out of six cores sampled for hydrous pyrolysis had data through the entire upper 
Bakken shale interval.  These included the ST-ANDES 151-89-2413H-1, Braaflat 11-11H and N&D 1-
05H cores.  On average, Unit 1 has higher TOCs than Unit 2 (Table 5-3).  This is related to higher organic 






Table 5-2: TOC (wt. %) averages within the four units of the lower Bakken shale for three wells in the 
study area. 
Avg. TOC (wt. %) Within BKKNL Shale Units 
Unit # ST-ANDES Braaflat MHA 1-18H 
Unit 4 7.8 (n = 4) 15.7 (n = 4) 12.8 (n = 3) 
Unit 3 14.5 (n = 9) 15.2 (n = 13) 17.1 (n = 14) 
Unit 2 16.3 (n = 4) 14.1 (n = 11) 15.5 (n = 10) 
Unit 1  18.1 (n = 5) 15.3 (n = 8) 12.7 (n = 7) 
 
Table 5-3: TOC (wt. %) averages within the two units of the upper Bakken shale for three wells in the 
study area.  Unit 1 exhibits higher average TOCs than Unit 2 in all three cores. 
Avg. TOC (wt. %) Within BKKNU Shale Units 
Unit # ST-ANDES Braaflat N&D 
Unit 2 13.5 (n = 8) 14.0 (n = 6) 13.2 (n = 8) 
Unit 1 17.1 (n = 10) 15.6 (n = 6) 14.6 (n = 10) 
 
5.2.2  Dysoxic, Anoxic or Euxinic Waters? 
Water column oxygenation in the Bakken black shales has been an ongoing controversy.  Four 
redox classes have been defined including oxic, suboxic, anoxic and euxinic (Figure 5-10).  The main 
difference between anoxic and euxinic is that anoxic environments do not have free H2S in the water 
column, whereas euxinic environments do. 
Previous authors interpreted the Bakken black shales to have been deposited in an offshore 
marine anoxic or oxygen-restricted environment during periods of sea level rise (Price et al., 1984; 
Webster, 1984; LeFever et al., 1991; Pitman et al., 2001; Sonnenberg, 2011).  Anoxic conditions may 
have resulted from a stratified water column in which the upper water layer is well oxygenated and 
nutrient rich with high organic productivity overlies a lower layer that is stagnant (Figure 5-12).  Stagnant 
or confined water masses with insufficient circulation prevent O2 renewal and lead to anoxic conditions.  
Anoxia can also occur in places where intense organic matter degradation consumes O2 faster than it is 
replenished (Tribovillard et al., 2006).  The lack of benthic fauna and burrowing, along with high TOC 
content are some arguments for anoxic conditions during deposition of the Bakken black shales 
(Sonnenberg, 2011).   
Egenhoff and Fishman (2013) proposed an alternative to conventional depositional models for the 
upper Bakken shale.  They concluded that the Upper Bakken Member was deposited under dysoxic 
conditions that promoted the existence of an infaunal benthic community and identified abundant 
bioturbation throughout the entire upper Bakken shale.  Figure 5-11 is an example of what these authors 





represent flattened fecal pellets rather than burrows as interpreted by Egenhoff and Fishman (2013).  
Bioturbation was, however, documented in CT scans at the contact between the Upper Member of the 
Bakken Formation and the Lodgepole Formation (Figure 4-19) and in a very thin interval about two feet 
from the top of the Upper Member (Figure 4-20).  Pervasive bioturbation was not observed in CT scans of 
the Upper Bakken Member as Egenhoff and Fishman (2013) suggest. Evidence of bioturbation is 
documented from CT scans of the Lower Bakken Member in Units 1 (primarily at the base) and 4 (Figure 
2-31).  These bioturbated intervals are rare, thin and represent a very brief spells of suboxic conditions.    
 
 
Figure 5-9: CT scan image of the top of the Lower Bakken Member showing vertical variation because of 
the laminated nature of the shale.  Two significantly different TOC values plot less than six inches apart.  







Figure 5-10: Redox classification of the depositional environments. From Tribovillard et al. (2006), after 
Tyson and Pearson (1991). 
 
 
Figure 5-11: Thin-section photomicrograph (plane-polarized light) from Egenhoff and Fishman (2013).  
White arrows highlight what they interpret as horizontal, Planolites-type burrows.  These are small, 
lenticular features interpreted as flattened fecal pellets in this study.  It is unlikely that these burrows 







Figure 5-12: Anoxic depositional setting of upper and lower Bakken shales. From Sonnenberg, 2011. 
 
Whether or not agglutinated forams are found in the Bakken black shales is another controversial 
debate.  A wide spectrum of agglutinated wall structures in benthic foraminifers exists (Scholle and 
Ulmer-Scholle, 2003).  These range from grain-rich tests with some organic cement (Figure 5-13) to tests 
having almost completely organic walls with just a few agglutinated grains (Figure 5-14).  Schieber 
(2008) interpreted there to be agglutinated benthic foraminifers in the Chattanooga shale of central 
Tennessee, which is late Devonian in age and time equivalent to the lower Bakken shale (Figure 5-15).  
Similar features are observed in the Upper and Lower Members of the Bakken Formation, but have been 
interpreted as silicified algal cysts rather than agglutinated foraminifers because they lack abundant 
individual quartz grains and have a non-granular, authigenic silica textured wall (Figure 5-16).  The size 
of these features is another important characteristic to take be considered.  The largest bioclasts that are 
seen in the Bakken black shales that could potentially be agglutinated foraminifers are 0.5 mm, but are 
most commonly about 0.2 mm in diameter.  Cretaceous agglutinated foraminifers   were documented at 
4.5 mm (Figure 5-13) and modern day foraminifera are 0.65 mm in diameter (Figure 5-14).  Both of these 
examples are much larger than what is seen in the Upper and Lower Bakken Members.   
Several genera and a number of different species of algal cysts have been recognized in Upper 
Devonian rocks and range from 0.05 to 0.8 mm in diameter (Winslow, 1962).  A single silicified algal 
cyst that was 0.5 mm wide was observed in the Bakken black shales (Figure 5-16), but they are most 
commonly about 0.2 mm in diameter (Figure 5-17).  Algal cysts are spherical but are commonly 
preserved as flattened, circular disks on bedding planes due to compaction (Figure 5-18).  However, the 
spherical shape can be preserved by early diagenesis prior to compaction (Figure 5-19).  Cyst fills point to 
slow sedimentation rates because the cysts are able to remain close to the sediment surface, while 
avoiding compaction and collapse and allowing time for iron migration and pyrite deposition (Schieber 





diagenesis was outpaced by sedimentation and burial (Figure 5-20).   Diagenesis can partially fill the 
cysts with calcite, pyrite or silica, but sedimentation outpaced diagenesis in most cases because cysts were 
flattened before being cemented (Figure 5-20).    
           
 
Figure 5-13: Thin-section photomicrograph (cross-polarized light) of an agglutinated foraminifer showing 
abundant individual quartz grains making up the walls.  This single agglutinated foram is 4.5 mm wide.  
Sample is from the Upper Cretaceous (Cenomanian) Del Rio Formation. From Scholle and Ulmer-
Scholle (2003). XPL, Horizontal axis = 4.5 mm. 
 
Evidence of bottom currents has not been documented in the Bakken shales in the study area.  
The thickest laminations documented in the Upper and Lower Bakken Members were 0.1 mm thick.  The 
largest detrital sediment grain size observed in these shales in the study area is very-fine grained sand 
(primarily in Unit 1 of the Lower Bakken Member) to silt and is interpreted to be eolian.  No internal 
erosion surfaces within the shales were documented and CT scans show that a majority of the sediment is 
deposited in horizontal laminations.  This supports the idea of pelagic settling (Figures 2-30, 2-31, 4-17 
and 4-18Figure 2-30).  There are small intervals that show a slight dip in the laminations, but this dip 
interpreted to be caused by compaction rather than bottom currents.  The one exception is that rippled 
surfaces were documented locally within Unit 4 of the lower Bakken shale (Figure 2-17).  However, very 
thin, local rippling in a falling stage systems unit does not imply that these sediments were not euxinic; it 
just suggests that the water was not completely stagnant.  It could still be euxinic due to intense organic 
matter degradation consuming O2 faster than it was replenished. Based on the high preserved TOCs, lack 
of benthic fauna, burrowing and bottom current evidence, this study finds the Bakken black shales to have 






Figure 5-14: Thin-section photomicrograph (plane polarized light) showing an agglutinated foraminifer 
with a dominantly calcareous (porcelaneous) wall with scattered agglutinated quartz and other grains.  
This single agglutinated foram is 0.65 mm wide.  Sample is from recent sediment from the Grand 
Cayman Islands. From Scholle and Ulmer-Sholle (2003). PPL, Horizontal axis = 0.65 mm. 
 
 
Figure 5-15: A) Thin-section photomicrograph of a bioclast that is identified by Schieber (2008) as a 
partially filled agglutinated benthic foraminifer from the Chattanooga Shale, central Tennessee. B) Close-
up highlighting the “granular nature” of the bioclast with a black arrow. C) Polarizers crossed showing 
the cherty polycrystalline nature of the walls.  White arrows point to individual quartz grains.  From 






Figure 5-16: Thin-section photomicrographs from the Lower Bakken Member (A: plane-polarized light; 
B: cross-polarized light and gypsum plate) showing a features similar to Figure 5-15.  It is interpreted to 
be a partly flattened, pyrite filled, silicified algal cyst because it lacks individual quartz grains and has an 







Figure 5-17: Thin-section photomicrographs from the Lower Bakken Member (upper: plane-polarized 
light; lower: cross-polarized light and gypsum plate) showing flattened silicified algal cysts and 






Figure 5-18: Thin-section photomicrograph (plane-polarized light) containing flattened Tasmanites in the 
Lower Bakken Member.  Photo from QEP’s MHA 2-05-04H-148-91 core. 
 
 
Figure 5-19: Thin-section photomicrograph (plane-polarized light) containing slightly flattened 
Tasmanites spheres in the Lower Bakken Member preserved by early pyritization prior to compaction.  






Figure 5-20: Thin section photomicrograph showing partly collapsed Tasmanites filled with calcite.  This 
suggests that sedimentation and burial outpaced cementation inside the cysts.  Thin-section from QEP’s 
MHA 2-05-04H-148-91 core. 
   
5.2.3  Elemental Cross-Plots 
Distributions of certain trace elements within marine sediments can be forensic tools for 
determining the redox conditions in the bottom waters at the time of deposition (Calvert and Pedersen, 
1993).  Redox-sensitive trace metals such as U, V and Mo are less soluble under reducing conditions and 
are commonly enriched in oxygen-depleted sedimentary facies (Tribovillard et al., 2006).  Suboxic 
environments can be distinguished from anoxic-euxinic ones through the combined use of these elements 
because U, V and Mo are much more strongly enriched in anoxic-euxinic environments and exhibit 
weaker covariation with TOC than in suboxic environments (Tribovillard et al., 2006).  Ratcliffe et al. 
(2012) cross-plotted TOC versus Mo for the Haynesville Formation (Figure 5-21) and showed a strong 
correlation between the two variables for Mo values less than 10 ppm.  Mo values over 10 ppm exhibit a 
weak correlation between TOC and Mo.  The samples that have high Mo values also have high Ni and V 
values, which suggest that the high Mo was derived from authigenic enrichment under anoxic conditions 







Figure 5-21: Cross-plot of Mo (x) vs. TOC (y) for the Haynesville Formation.  There is a good correlation 
between the two variables when Mo is <10 ppm.  Samples with Mo values >10 ppm (highlighted by black 
box) also exhibit high Ni and V values and are associated with minerals derived from authigenic 
enrichment under anoxic conditions.  From Ratcliffe et al., 2012. 
 
Anoxic-sulfidic conditions are required for Mo accumulation (Sageman et al., 2003).  Samples 
from the Upper and Lower Bakken Members all exhibit Mo values far greater than 10 ppm (typically 
between 100 – 500 ppm) and exhibit weak covariation with TOC (Figure 5-22).  Covariance occurs 
between Mo and Ni in the Lower (Figure 5-23) and Upper (Figure 5-24) Bakken Members.  High Ni 
content indicates that a high organic matter flux brought this element to the sediments in great abundance 
(Tribovillard et al., 2006).   Ni primarily resides in organic phases and may pass to pyrite (Tribovillard et 
al., 2006).  Nickel appears to have passed to pyrite in the Lower, but not the Upper Bakken Members 
(Figure 5-25). 
Mo and V have a strong covariance in Units 2 and 3 of the lower Bakken shale, but covariance in 
Units 1 and 4 is weak (Figure 5-26).  The covariance between these two elements in both of the upper 
Bakken shale units is weak (Figure 5-27).  A strong covariance is seen between Mo and U in the Lower 
Bakken Member Units 2 and 4 and a weaker covariance is seen in Units 1 and 3 (Figure 5-28).  A 
relatively strong covariance between Mo and U is seen in Unit 2, while a relatively weak covariance is 
seen in Unit 1 in the Upper Bakken Member (Figure 5-29).  A strong covariance was not observed 
between U and V in any of the units within either the Lower Bakken Member (Figure 5-30) or the Upper 
Bakken Member (Figure 5-31).   Uranium and Vanadium abundances do not correlate well with TOC in 





Enrichment of authigenic uranium takes place primarily in the sediment and not in the water 
column and is impacted by sedimentation rates.  The slower the sedimentation rate, the more time for 
diffusion of uranyl ions from the water column into the sediment (Tribovillard et al., 2006).  The organic-
carbon content in anoxic (non-sulfidic) facies generally shows a good correlation with uranium 
abundance (Tribovillard el al., 2006).  A good correlation is seen between TOC/U and TOC/V when 
TOCs stay below a certain threshold value.  Above that threshold, euxinic conditions develop showing 
Mo enrichment accompanying U-V enrichment.  This threshold, which is highly variable, marks the limit 
between anoxic and euxinic conditions (Tribovillard et al., 2006).  The TOC threshold is much higher in 
ancient sediments than in modern sediments, e. g. ~7 percent TOC for the Kimmeridge Clay Formation of 
Western Europe (Ramanampisoa and Disnar, 1994) and ~10 percent TOC for the Upper Pennsylvanian 
cyclothemic black shales of Kansas (Algeo and Maynard, 2004).   
Under oxic-dysoxic conditions, sediments typically display less than 2 percent TOC, and U, Mo 
and V are mainly associated with the detrital fraction resulting in no covariation with TOC (Tribovillard 
et al., 2006).  Under euxinic conditions, trace elements are generally reduced to their lowest valence state 
and insoluble metal sulfides and oxyhydroxides can precipitate directly from the water column or at the 
sediment-water interface (Tribovillard et al., 2006).  Strong enrichments of U and V result from these 
conditions and display weak correlations with TOC because these trace elements mainly reside in the 
authigenic mineral phases rather than organic components (Tribovillard et al., 2006). It is interpreted that 
the TOC threshold and the limit between anoxic and euxinic conditions has been reached in the Bakken 
black shales, which explains why there is no covariation between TOC, Mo, U and V.   
Figure 5-34 shows two cross-plots of aluminum vs. titanium (indicative of detrital clay) colored 
by unit within the Upper and Lower Members. Higher aluminum content in the lower Bakken shale Units 
1 and 4 suggests that these units contain higher amounts of feldspar than do Units 2 and 3.  Figure 5-35 
shows two cross-plots of aluminum vs. potassium.  Units 1 and 4 show the highest potassium values, 
suggesting that there is more potassium feldspar in these two units.  Unit 2 of the upper Bakken shale 
exhibits higher clay content than Unit 1 (Figure 5-34).  Cross-plotting trace elements versus aluminum or 
titanium is a useful way to determine if a given trace element is dominantly controlled by the detrital 
influx of sediments.   
Silicon is plotted against aluminum in Figure 5-36.  Silicon can be associated with quartz, clays, 
feldspars and authigenic and biogenic silica.  Units 2, 3 and 4 of the lower Bakken shale exhibit some 
relatively high values of silicon.  The highest silicon values in Units 2 and 3 are probably attributable to 
biogenic silica (abundance of radiolaria).  There is a negative correlation between silicon and aluminum 
in the upper Bakken shale which means that most of the silicon is not part of the detrital fraction and may 





of the upper Bakken shale.  This is consistent with the petrographic analysis showing more clays and 
fewer radiolarians in Unit 2 than Unit 1.   
Another significant cross-plot to consider is that of Fe versus S.  A strong covariation exists 
between these two elements in the Upper and Lower Members which suggests that most of the Fe is tied 
to pyrite (Figure 5-37).  Another useful tool to identify water-column anoxicity is to analyze the grain size 
of pyrite and determine the degree of pyritization (DOP).  Chemoclines occur where conditions favor the 
formation of anoxic bottom water.  If a body of water is well mixed and oxygen-rich, a chemocline will 
not exist.  Two types of pyrite can form.  Syngenetic pyrite forms if the chemocline lies above the 
sediment-water interface and forms fine-grained euhedral crystals (Tribovillard et al., 2006).  Diagenetic 
pyrite forms in spherical framboids if the chemocline lies at or below the sediment-water interface 
(Tribovillard et al., 2006).  Euhedral framboids are observed in the Bakken black shales (Figure 5-38). 
 
5.2.4 Thickness Trends 
Along the north-south transect, Units 1 through 4 of the lower Bakken shale have a remarkably 
consistent thickness (Table 2-2).  There is, however, significant thickening of Units 2 and 3 in the lower 
Bakken shale from east to west.  Because Units 2 and 3 contain the most algal cysts, radiolarians and 
other organic material, this thickening to the west is interpreted to be an effect of organic productivity.  
There was more organic productivity to the west than to the east, which caused more organic debris to fall 







Figure 5-22: Elemental cross-plots of TOC (x) vs. molybdenum (y) for Units 1 through 4 in the lower 
Bakken shale (top graph) and Units 1&2 in the upper Bakken shale (bottom graph).  There is a weak 






Figure 5-23: Cross-plots of Mo (x) versus Ni (y) for the four units within the lower Bakken shale.  There is strong covariance between the two 






Figure 5-24: Cross-plots of Mo (x) versus Ni (y) for the two units within the upper Bakken shale.  There 






Figure 5-25: Cross-plot of pyrite (x) vs. nickel (y) for Units 1 through 4 in the lower Bakken shale (top 
graph) and Units 1&2 in the upper Bakken shale (bottom graph).  Pyrite values are from XRD data, are 
very limited.  There was only one data point for lower Bakken Unit 1.  Strong correlation between the two 






Figure 5-26: Cross-plots of Mo (x) versus V (y) for the four units within the lower Bakken shale.  There is strong covariance between these two 






Figure 5-27: Cross-plots of Mo (x) versus V (y) for the two units within the upper Bakken shale.  Both 






Figure 5-28: Cross-plots of Mo (x) versus U (y) for the four units within the lower Bakken shale.  The strongest covariance between the two 






Figure 5-29: Cross-plots of Mo (x) versus U (y) for the two units within the upper Bakken shale.  Both 






Figure 5-30: Cross-plots of U (x) versus V (y) for the four units within the lower Bakken shale.  The strongest covariance between the two 






Figure 5-31: Cross-plots of U (x) versus V (y) for the two units within the upper Bakken shale.  Neither 







Figure 5-32: Cross-plots of TOC (x) vs. uranium (y) for Units 1 through 4 in the lower Bakken shale (top 
graph) and Units 1&2 in the upper Bakken shale (bottom graph).  There is a weak covariance between 






Figure 5-33: Cross-plots of TOC (x) vs. vanadium (y) for Units 1 through 4 in the lower Bakken shale 
(top graph) and Units 1&2 in the upper Bakken shale (bottom graph).  There is a weak covariance 







Figure 5-34: Elemental cross-plots of aluminum (x) vs. titanium (y) for Units 1 through 4 in the lower 
Bakken shale (top graph) and Units 1&2 in the upper Bakken shale (bottom graph).  Higher aluminum 
contents in Units 1&4 of the lower Bakken shale indicate the presence of more clays and k-feldspar.  Unit 






Figure 5-35: Elemental cross-plots of aluminum (x) vs. potassium (y) for Units 1 through 4 in the lower 
Bakken shale (top graph) and Units 1&2 in the upper Bakken shale (bottom graph).  Higher potassium 
and aluminum contents in Units 1&4 of the lower Bakken shale suggest that there may be more potassium 






Figure 5-36: Elemental cross-plot of aluminum (x) vs. silicon (y) for Units 1-4 in the lower Bakken shale 
(top graph) and Units 1&2 in the upper Bakken shale (bottom graph).  Exceptionally high values of 







Figure 5-37: Elemental cross-plots of iron (x) vs. sulfur (y) for Units 1 through 4 in the lower Bakken 
shale (top graph) and Units 1&2 in the upper Bakken shale (bottom graph).  A strong covariation exists 






Figure 5-38: Scanning electron microscopy image.  The white arrow is pointing to a cluster of euhedral 
pyrite framboids in the lower Bakken shale.  Quartz (qtz) and dolomite (dol) grains are labeled.  There are 
some illite clay platelets that are in the field of view as well.  Photo comes from WPX's George Evans 
11V core. 
 
5.3  The Middle Bakken Member 
The Middle Bakken Member thins significantly from north (Braaflat 11-11H = 58 ft) to south 
(MHA 2-05-04H-148-91 = 26 ft) (Figure 3-6) and from west (George Evans 11V = 33 ft) to east 
(Dobrinski 18-44 = 23 ft) (Figure 3-7).  While the total middle Bakken package thins to the east, Facies A 
thickens slightly from 2 to 4 ft from west to east (Table 3-2).  Facies B thins from north to south and east 
to west (Table 3-2) because of a decreasing amount of accommodation space.  Facies C is only present in 
the most basinward cores (Figure 3-2) and stratigraphically pinches out to the east.  Facies D has a highly 
variable thickness and is additive to the total middle Bakken package when present.  This facies is 
deposited in areas where local accommodation space was created by the collapse of a salt below.  
Thickness variation is also seen in Facies E that is most likely caused by local accommodation space that 
is created after the deposition of Facies D, but there is not a distinct west to east or north to south trend 






5.3.1  “The Line of Death” 
It has been suggested that the up-dip seal along the eastern margin of the Williston Basin follows 
the thermal maturity boundary of the upper and lower Bakken shales (Jarvie et al., 2011).  The proposed 
idea is that rocks that have recently entered the oil-generation window are micro-fractured and retain 
overpressure, while areas out of the oil window are normally pressured, un-fractured and act as a barrier 
to migration (Figure 5-39) (Jarvie et al., 2011).  Although Jarvie et al. (2011) concluded that a thermal 
maturity boundary is the trapping mechanism in Parshall Field, they also note that Parshall oils are 
slightly more mature that the overlying and underlying Bakken shales.  This implies that Parshall oils are 
partially, if not completely, migrated.  Figure 5-40 shows that Parshall Field, which produces commercial 
amounts of oil, is east of the hydrogen index wall (thermal maturity boundary).  This proves that the “line 
of death” is not strictly caused my thermal maturation of the shales.   
In 2003, Sweeney and Hill with the USGS, published an aeromagnetic anomaly map of North 
Dakota.  Cobb (2013) noted that there seems to be a correlation between the boundary between the 
western (WMT) and central (CMT) magnetic terranes and the eastern “line of death” (Figure 5-41).  
Overlaying percent produced water bubbles on the aeromagnetic anomaly map (Sweeney and Hill, 2003) 
along with Bergin et al.’s (2012) water saturation “line of death”, shows a striking correlation between 
aeromagnetic highs along the eastern side of the basin and the sharp transition from low produced 
water/high oil production to high produced water/low-to-no oil production (Figure 5-42). 
Bergin et al (2013) identified EOG’s Fertile 1-12H lateral as a well that crossed the “line of 
death”.  The lateral was drilled from southeast to northwest (Figure 5-43).  Using the pilot-hole as a type 
log, the logging while drilling (LWD) gamma-ray data was interpreted using Stoner Engineering Software 
(SES) (Figure 5-44). The majority of the lateral was drilled within the upper dolomite (Facies E and F) of 
the Middle Bakken Member.  Facies D was not present in the pilot-hole (Figure 5-45), but did appear in 
the lateral from about 10,200 – 10,500 ft MD and then again at about 10,700 to 10,850 ft MD (Figure 
5-44).  There were two upper Bakken shale strikes, one at about 13,000 to 13,225 ft MD and another at 
about 14,320 to 14,420 ft MD.  No gas shows were seen until about 13,500 ft MD, when there was a 
significant increase (Figure 5-44).  The mud weight was constant throughout the lateral, so the increase in 
gas cannot be attributed to a mud weight change (Figure 5-46).  There was a crack in the agitator at 
11,781 ft MD, so the bit, motor and agitator were changed out, but no trips occurred around the gas show.  
The drillers pumped sweeps (adjusted the density and viscosity to clean cuttings out of the wellbore) at 







Figure 5-39: Proposed trapping mechanism at Parshall Field.  Thermal maturity of shales and diagenetic 
processes appear to be controlling migration and trapping of oil (Jarvie et al., 2011). 
 
 







Figure 5-41: Aeromagnetic anomaly map of North Dakota (Sweeney and Hill, 2003) interpreted for 
basement terranes and faults.  WMT – Western magnetic terrane; CMT – Central magenetic terrane; 
CSBZ – Churchill-Superior boundary zone.  Basement terrane boundaries are represented by solid black 
lines.  Basement faults not associated with terrane boundaries are represented by dotted black lines.  








Figure 5-42:  Water saturation "line of death" and percent produced water bubbles overlain on Sweeney 
and Hill's (2003) aeromagentic anomaly map shows striking correlation between aeromagnetic highs 
along the eastern side of the basin and the "line of death."  The line is not well-defined to the north, but 







Figure 5-43: Map showing the location of EOG's Fertile 1-12H well.  The well was drilled from southeast 
to northwest (surface holes designated by small purple squares).  Percent produced water bubbles are 






Figure 5-44: Horizontal geosteering interpretation created from SES software.  Gamma signature is shown in red, rate of penetration (ROP) is 






Figure 5-45: Open-hole GR log and elemental data from EOG's Fertile 1-12H pilot-hole & core.  Neither 
Facies C, nor D, were present in the pilot. 
 
 
Figure 5-46: Snapshot of the Fertile 1-12H geological report from the North Dakota Industrial 
Commission (NDIC), showing that the mud weight remained constant throughout the lateral. 
 
Samples in the Fertile 1-12H lateral were collected at the wellsite every 30 feet.  For this study, 
handheld XRF analysis was run on all of the lateral cuttings and the geosteering interpretation was 
confirmed by elemental trends that were seen.  Figure 5-47 shows silicon, calcium and molybdenum 
curves along with the LWD GR.    A sharp increase in calcium and corresponding decrease in silicon 
occurs where Facies D is encountered along the wellbore.  A sharp increase in molybdenum is seen where 
the wellbore encounters the upper Bakken shale (Figure 5-47).  These elemental trends confirmed that the 






Figure 5-47: Gamma-ray signature is shown in red, molybdenum in black, calcium in blue and silicon in orange.  Elemental responses confirm 
validity of cuttings.  Facies D is recognized by <30 api counts on the GR, an increase in calcium and decrease in silicon.  Two upper Bakken shale 





Averages of the elemental data were calculated in the upper dolomite before and after the gas 
shows (Table 5-4).  It is important to note that samples from Facies D and the upper Bakken shales were 
not included in these averages.  The balance (Bal %) includes all elements lighter than magnesium that 
cannot be detected as well as any organic matter and pore space.  The balance before and after the onset 
of gas shows is approximately the same.  Values for calcium (Ca) and silicon (Si) are about the same 
between the no gas and gas zones.  Magnesium is not as reliable because it is the lightest element that the 
XRF device can detect and the results are not always repeatable.  Molybdenum (Mo), iron (Fe), sulfur (S), 
nickel (Ni), potassium (K) and aluminum (Al) are all higher in the gas zone, but this can be attributed to 
contamination from the shale strikes.  Barium (Ba) is 1.5 times higher after the gas shows than before.  
This can be attributed to the barite that was added to the system when sweeps were pumped at 13,487 ft 
measured depth (MD).  These sweeps were pumped corresponding with the onset of gas shows.  Chlorine 
(Cl) is twice as high before the gas shows than after.  This could be attributed to NaCl (halite) associated 
with formation water in the poorer reservoir quality rock. However, no conclusive evidence can be drawn 
from the XRF analysis of the cuttings from the Fertile 1-12H lateral as to a mineralogic control on the 
“line of death”. 
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Thin sections of the cuttings were also analyzed to try to help determine what controls the “line of 
death”.  Figure 5-48 is a sample from Facies D showing limestone with common fossil fragments from 
bryozoans and echinoderms.  Figure 5-49 is a sample from the upper dolomite on the east side of the “line 
of death”, before the gas shows, showing equant silty dolomite cuttings with some calcite cement.  Figure 
5-50 is a sample taken at 13,550 ft, which is right at the onset of the gas shows.  The lithology is still silty 
dolomite, but there are abundant thin, splintery cuttings that appear to have been pulverized.  Figure 5-51 
is a sample taken at 15,300 ft, which is near the end of the wellbore where gas shows were still strong.  
The samples are mostly siltstones with equal amounts of detrital quartz silt and dolomite.  The cuttings 
are again equant in shape, the splintery cuttings are not present and there are some cavings from the upper 





fault is present.  If a fault is present, it is likely that it is a strike-slip fault as there is no significant vertical 
movement along this fault, as can be seen from the geosteering interpretation (Figure 5-44).   
 
5.3.2  Elemental Cross-Plots 
XRF data from the nine cores in the study area were evaluated using elemental cross-plots to 
determine if there was an elemental variation on the west compared to the east side of the “line of death” 
(LOD) that was effecting reservoir quality.  The most notable difference across the line was that Facies E 
and F had more magnesium west of the line of death (Figure 5-52).  This may imply that more 
dolomitization has occurred to the west than to the east, which could enhance reservoir quality.  However, 
these high magnesium values are restricted to Facies E and F and are not seen in Facies A, B, C or D.  It 
must also be noted that magnesium is the lightest element that the XRF device can detect and may not be 
reliable because results are not repeatable.  Calcium and silicon are inversely related in the Middle 
Bakken Member and the elemental proportions east versus west of the LOD are not noticeably different 
(Figure 5-53).  
 
 
Figure 5-48: Cuttings sample of Facies D from EOG’s Fertile 1-12H lateral.  Calcite is stained pink with 








Figure 5-49: Sample is from EOG’s Fertile 1-12H lateral.  Cuttings represent the upper dolomite on the 




Figure 5-50: Cuttings sample of the upper dolomite at the onset of gas shows in EOG’s Fertile 1-12H 








Figure 5-51: Cuttings sample of the upper dolomite near the end of EOG’s Fertile 1-12H lateral.  Sample 
is mostly siltstone with roughly equal amounts of detrital quartz silt and dolomite.  Cavings from the 
upper Bakken shale strikes are represented by the dark gray cuttings.  Splintery cuttings are now gone. 
 
The “line of death” is most likely caused by a combination of factors.  Even though the Fertile 1-
12H XRF analysis of the cuttings was inconclusive, the geometries of the grains before, at the onset of, 
and after the gas shows implies that there could be a fault present.  This interpretation is supported by the 
aeromagnetic anomaly roughly coincident with the “line of death” (Figure 5-42).  No vertical offset is 
seen in the geosteering interpretation (Figure 5-44).  If a fault is present, it is likely strike-slip.  
Hydrothermal fluid flow may have occurred along the fault, which could cause diagenesis and 
degradation in the reservoir properties.  The line could also be affected by stratigraphic changes and 






Figure 5-52: Elemental cross-plot of calcium (x) versus magnesium (y).  Each middle Bakken facies is identified by a different shape.  They are 
color coded by which side of the "line of death" (LOD) that the core was on; east = pink and west = blue.  The green circle highlights a cluster of 
Facies E and F on the west side of the LOD that have higher magnesium values which may imply more dolomitization.  The red circle highlights 






Figure 5-53: Elemental cross-plot of calcium (x) versus silicon (y).  The data points are defined by facies (A through F) within the middle Bakken.  
They are color coded by which side of the "line of death" (LOD) that the core was on; east = pink and west = blue.  These two elements are 
inversely related.  The blue circle highlights a group of anomalous points that have exceptionally high chlorine values.  This suggests that a salt 






CHAPTER 6 : CONCLUSIONS AND RECOMMENDATIONS 
The main objective of this thesis was to utilize handheld XRF data to identify and interpret 
elemental trends within the Upper, Middle and Lower Members of the Bakken Formation.  The elemental 
data was integrated with core descriptions, petrography and CT scans to further characterize the Bakken 
Formation.   
 
6.1  Conclusions 
 Handheld XRF analysis is a cost-effective, rapid way to obtain semi-quantitative elemental 
analyses in infinite quantities.  Trends of the elemental data derived from this analytical tool 
should be analyzed rather than exact values. 
 Contamination on a core’s surface can skew elemental results and steps should be taken to 
remove salt crusts and any other debris from the surface prior to analysis.  Addtionally, drilling 
mud additives should be known before analyzing cuttings.  These additives may influence the 
elemental readings, which leaves room for false interpretation of the data. 
 The lower Bakken shale is comprised of four units within the study area.  These units were 
determined based on combined use of the gamma-ray signature and elemental trends.  
Petrographic work and CT scans also helped to define similarities and differences between these 
units. 
 Six facies, A through F, make up the Middle Bakken Member.  These facies each have a distinct 
elemental signature that can be used to define the boundaries.  Some of these facies contacts are 
gradational when viewed in the core.   
 Middle Bakken Facies C only occurs in the three western (basinward) cores in the study area.  
The contact between Facies C and D and between Facies B and D (where Facies C is not present) 
is sharp.  It is, however, unclear whether the contact is an erosional surface or a conformable 
surface correlative to the erosional surface observed up-dip outside the study area on the eastern 
margin of the basin. 
 Facies D is not present in all of the cores in the study area.  This is attributed to this facies only 
being deposited in topographically low areas (channels or ravinements) where a sag was created 
by dissolution of some underlying rock unit, possibly the Prairie Salt, to create minor 
accommodation space. 
 The upper Bakken shale is comprised of two units within the study area.  These were 
differentiated based on combined use of the gamma-ray signature and elemental trends.  





 Agglutinated foraminifers are not present in the upper and lower Bakken shales. 
 Based on the high preserved TOCs, lack of benthic fauna, burrowing and bottom current 
evidence, it is concluded that the Bakken black shales were deposited under mostly euxinic 
conditions with a few short periods of dysoxia (represented by rare, very thin intervals of 
bioturbation and ripples). 
 Molybdenum accumulation requires anoxic-sulfidic conditions.   The Bakken black shales are 
significantly enriched in molybdenum.  
 Sediments deposited under oxic-dysoxic conditions typically display less than 2 weight percent 
TOC.  The Bakken black shales average 11 weight percent TOC. 
 During deposition of the Bakken black shales, the TOC threshold that corresponds to the limit 
between anoxic and euxinic conditions was reached, which explains why there is no significant 
covariation between TOC, Mo, U and V.   
 The “line of death” does not coincide with thermal maturity.  This line is caused, most likely, by a 
combination of factors including stratigraphic and diagenetic changes, significant thinning of the 
section eastward and possibly by faulting. 
 Elemental results of the cuttings from the Fertile 1-12H lateral that crossed the “line of death” are 
inconclusive.  No significant elemental differences were seen in the cuttings on either side of the 
“line of death”.  However, the geometries of the grains before, at the onset of, and after the gas 
shows imply that there could be a fault present.  This interpretation is supported by the 
aeromagnetic anomaly that is roughly coincident with the “line of death”.   
 XRF data suggest that Facies E and F may be more dolomitized on the west side of the “line of 
death” than on the east side.  Magnesium is the lightest element that the XRF device can detect 
and the results are not always reliable.  This hypothesis should be tested by thorough petrographic 
examination of the Middle Bakken Member.  Unfortunately, sufficient thin-sections to confirm or 
disprove this hypothesis were not available for this study. 
 
6.2  Recommendations for Future Work 
 XRF data should be collected on cores throughout the basin to enable correlation of the upper and 
lower Bakken shale units basinwide. 
 Polygonal features in the Upper and Lower Bakken Members were observed in the CT scans.  
This study suggests that they are syneresis cracks.  Additional work needs to be done to better 





 A petrographic study of the Middle Bakken Member should be conducted comparing cores on the 
east versus west side of the “line of death” to determine if there is a difference in dolomitization 
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APPENDIX A : CORE DESCRIPTIONS 
 
 It should be noted that detailed core descriptions are only provided for the middle Bakken.  
Macroscopic examination of the Bakken black shales in core does not prove very useful.  The shales 
where characterized by examination of them with petrographic thin-sections and CT scans.   
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